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Bugs and Features
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Why is    so much smaller than               ?μ MGUT, MPl

Unlike fermions (and gauge bosons) no symmetry 
protects scalar mass parameter

1.Nature is fine-tuned (anthropics?)

2.The SM has no high scales (gravity?, unification?)

3.New dynamics/symmetries keeps mass scale low
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Why is    so much smaller than               ?μ MGUT, MPl

Unlike fermions (and gauge bosons) no symmetry 
protects scalar mass parameter

1.Nature is fine-tuned (anthropics?)

2.The SM has no high scales (gravity?, unification?)

3.New dynamics/symmetries keeps mass scale low

There is something fascinating about science. One

gets such wholesale returns of conjecture out of such

a trifling investment of fact.

—Mark Twain
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anti-commutation as well as commutation relations (i.e. the generators are
no longer bosonic but may also be fermionic) we have graded Lie algebras
and may avoid the Coleman Mandula theorem. This more general analysis
was carried out by Haag, Lopuszanski and Sohnius2 and they identified the
most general graded Lie algebra allowed: the super-Poincare algebra.

The fact that supersymmetry is the most general space-time symmetry
allowed by nature does not in principle mean it exists in nature, but it is a
compelling reason to study it. SUSY involves introducing fermionic group
generators, Q, and thus the action of the group, Q| i = | 0

i, must change
the spin of the state. Thus, in a supersymmetric world a bosonic state has
a fermionic partner and vice versa. As we will see shortly Q commutes with
the Hamiltonian so these partners are degenerate in mass. Obviously this
symmetry is broken in nature, what makes us believe SUSY is something
we may be able to test at weak scale experiments rather than something
that is broken at some high scale like the GUT scale? There are several
reasons to think that SUSY may have something to do with the TeV scale
and we will expound on these in more detail in these lectures.

1.1. The Hierarchy Problem

As is well known the Standard Model (SM) su↵ers from the hierarchy prob-
lem - the Higgs boson is quadratically sensitive to high scale physics. Since
this is one of the main motivations for SUSY to show up at the LHC it is
worth discussing the issue, and how SUSY alleviates this problem, in some
detail even before we have a complete definition of what SUSY is.

The only piece of the SM not yet observed is the Higgs boson. It is
also the only fundamental scalar in the theory and so behaves di↵erently
from all the other fields under quantum corrections. As a simple toy model
consider a theory with a scalar (the Higgs) coupled to a heavy fermion (the
top quark), for now we will ignore all gauge interactions. In the SM the
fermion mass is generated from the scalar vev, here we will just insert it by
hand. The Lagrangian is

L = |@µ�|
2 +  i6@ �mf  � y�  � µ2

|�|2 � � |�|4 , (1)

where µ2 is positive. Classically there is a fermion of mass mf and a scalar
of mass m2

s
= µ2. At loop level the fermion mass term and the scalar mass

term receive corrections from diagrams shown in Fig. 1. They di↵er in one
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Fig. 1. One loop corrections to fermions and scalars.

of scales, such as galaxy rotation curves and measurements of the mi-
crowave background, tell us that dark matter (DM) contributes about 20%
of the critical energy density of the universe. Since all observations so fara

have been through DM’s gravitational e↵ects very little about it is known.
However, we do know that it was cold, i.e. non-relativistic, during struc-
ture formation, it is only weakly interacting and is stable on cosmological
timescales. There is no particle within the SM that satisfies these require-
ments so the existence of DM is clear indication of BSM physics.

Potential DM candidates include axions, black holes and weakly in-
teracting massive particles (WIMPs) with mass ranging from ⇠ 1GeV to
⇠ 10�100 TeV. As we will see, the MSSM contains within it a WIMP par-
ticle with the right properties to be the DM - it is absolutely stable, weakly
interacting, and has mass ⇠ 100 GeV. Even more enticing is the fact that
in the thermal evolution of the universe after the big bang this particle was
made in just the right abundance to explain the observed amount of DM!
It seems that SUSY gives us a candidate for DM for free. It also relates
what may be observed in the lab to what is being observed in the cosmos,
an exciting possibility. See Sec. 8 for more details.

1.3. Gauge coupling unification

The gauge couplings of the SM depend on energy in a way determined by the
renormalization group equations (RGEs). If one assumes that there are no
new states above the weak scale, a so called desert, the three gauge couplings
run in such a way that they are nearly all the same value at a high scale, ⇠
1014 GeV. This remarkable fact, that three a priori independent parameters
have the same value at high scales is suggestive: perhaps SU(3)⇥SU(2)⇥
U(1) of the SM are really three pieces of one larger unified group, e.g. SU(5)
or SO(10), that is broken at the high scale. This idea, and the models that
realise it, are called GUTs, Grand Unified Theories.

aRecently there have been some anomalies in experiments searching directly and in-
directly for dark matter that may be interpreted as observation of non-standard dark
matter, see Neal Weiner’s lectures Ref. 3 for more details.
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The fermion mass corrections are multiplicatively renormalised whereas the
scalars have an additive renormalisation. Thus, if the tree-level fermion
masses are small they remain so after quantum corrections, whereas the
scalar masses are dragged up to the cuto↵ scale of the theory. As expected
in e↵ective field theory (EFT), all operators allowed by symmetry are gen-
erated at the cuto↵ scale with O(1) coe�cients. Here the symmetry pro-
tecting the fermion mass is a chiral symmetry,  ! ei↵�5 . This is broken
by the mass term and results in the loop correction being proportional to
mf . There is no such symmetry for the scalar. If the scalar were related to
the fermion through a symmetry then the quadratic divergence would be
removed, since it doesn’t exist for the fermion. In a supersymmetric world
where  and � are related by supersymmetry we would find that � and y
are related leading to the necessary cancellation.

By supersymmetrizing the SM the quadratic divergence of the Higgs
mass can be cuto↵, this provides one motivation for the introduction of
SUSY. The Higgs is responsible for electroweak symmetry breaking, which
is associated with the ⇠ 100 GeV scale, and in a natural theory this is the
mass we would expect for the Higgs. We see from Eq. (2) that there are large
quantum corrections to any bare mass the Higgs may have. If the SM is an
e↵ective theory up to high scales, for instance the GUT scale ⇠ 1016 GeV,
then there will be large one-loop corrections to its mass. To maintain the
physical mass to be ⇠ 100 GeV there will need to be large cancellations
between the bare mass and the quantum corrections. If instead the SM
becomes supersymmetric at some scale ⇤SUSY , i.e.above this scale there
are superpartners of the SM fields present in the theory, these quadratic
divergences will be cuto↵. Requiring that there is only an O(1) tuning
between the bare mass and the quantum corrections, cuto↵ at the scale
⇤SUSY , we expect the superpartners to enter the theory around 4⇡⇥mH ⇠

TeV.

1.2. Dark Matter

There is now overwhelming evidence for a large non-baryonic contribu-
tion to the matter budget of the universe. Observations over a wide range

Hierarchy (Naturalness) problem
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Fig. 1. One loop corrections to fermions and scalars.

of scales, such as galaxy rotation curves and measurements of the mi-
crowave background, tell us that dark matter (DM) contributes about 20%
of the critical energy density of the universe. Since all observations so fara

have been through DM’s gravitational e↵ects very little about it is known.
However, we do know that it was cold, i.e. non-relativistic, during struc-
ture formation, it is only weakly interacting and is stable on cosmological
timescales. There is no particle within the SM that satisfies these require-
ments so the existence of DM is clear indication of BSM physics.

Potential DM candidates include axions, black holes and weakly in-
teracting massive particles (WIMPs) with mass ranging from ⇠ 1GeV to
⇠ 10�100 TeV. As we will see, the MSSM contains within it a WIMP par-
ticle with the right properties to be the DM - it is absolutely stable, weakly
interacting, and has mass ⇠ 100 GeV. Even more enticing is the fact that
in the thermal evolution of the universe after the big bang this particle was
made in just the right abundance to explain the observed amount of DM!
It seems that SUSY gives us a candidate for DM for free. It also relates
what may be observed in the lab to what is being observed in the cosmos,
an exciting possibility. See Sec. 8 for more details.
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The gauge couplings of the SM depend on energy in a way determined by the
renormalization group equations (RGEs). If one assumes that there are no
new states above the weak scale, a so called desert, the three gauge couplings
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Hierarchy (Naturalness) problem

Higgs boson mass, and occurs more readily than in 2 Higgs doublet models with a light Higgs
[5], and more simply than in “Little Higgs” models1. Furthermore, preliminary results from the
TeVatron indicate a somewhat lighter top quark, strengthening the upper bound on the SM Higgs
mass, and weakening the improved naturalness of the 2 Higgs doublet model with a light Higgs.

In most 2 Higgs doublet models a parity symmetry is introduced to ensure that Higgs exchange
does not give too large flavour changing amplitudes. In the IDM the parity acts only on the inert
doublet, and ensures that the doublet is inert. Unlike conventional 2 Higgs doublet models, the
parity is not spontaneously broken by doublet vevs, and hence the Lightest Inert Particle, or LIP,
is stable. In much of the parameter space the LIP contributes only a small fraction to the Dark
Matter of the universe. But if there is a mild degree of cancellation in the LIP mass, so that it is
in the range of 70 GeV, all DM can be accounted for by a neutral inert Higgs boson.

In Section 2 we set the stage by revisiting the SM with a heavy Higgs, paying special attention
to the improved naturalness, the triviality bound on the Higgs mass, and to its incompatibility
with EWPT constraints. In Section 3 we present the IDM, discussing in detail all the analogous
constraints. In the same section we give a first description of the LHC signals of the IDM and
we discuss the properties of the LIP as a Dark Matter candidate. In Section 4 we make a few
comments on alternative models to render a heavy Higgs compatible with the EWPT. Summary
and Conclusions are given in Section 5.

2 Standard Model with a Heavy Higgs

2.1 Improved naturalness

The SM is unnatural as a fundamental theory: the quadratic divergence of the Higgs mass makes
the electroweak scale highly sensitive to the UV cutoff. Presumably, this quadratic divergence
should be cancelled in the theory that extends the SM to higher energy scales. Two known mech-
anisms for accomplishing this are supersymmetry and realizing the Higgs as a pseudo-Goldstone
boson. Searching for such mechanisms amounts to what we might call the qualitative use of the
naturalness principle. However, the principle has also its other, quantitative side. Namely, it
can be used to predict the energy scale by which the divergence-cancelling physics is expected to
appear. Such a prediction follows from comparing the size of the one-loop quadratic divergence
to the physical mass.

The quadratic divergence is given by (v = 174 GeV)

δm2
h = αtΛ

2
t + αgΛ

2
g + αhΛ

2
h (1)

where

αt =
3m2

t

4π2v2
, αg = −6m2

W + 3m2
Z

16π2v2
, αh = − 3m2

h

16π2v2
(2)

and Λi are the cutoffs on the momenta of the virtual top quarks, gauge bosons, and the Higgs itself.
We keep these cutoffs separate, because generally there is no reason to expect that the physics

1A possible connection between the fine tuning and the Higgs mass has also been considered in “Little Higgs”
models. See, e.g., Ref [6].

2

SM Higgs sensitivity (how low can you go)

cancelling all three divergences will appear at exactly the same scale. In a more fundamental
theory, the various Λi may be correlated, but if we do not specify the theory which extends the
SM and cancels the quadratic divergences, the relative weight of the various terms in (1) cannot
be determined2.

Knowing (1), we can compute the sensitivity of the Higgs mass to the scale Λi by the formula

Di(mh) ≡
∣

∣

∣

∣

∂ log m2
h

∂ log Λ2
i

∣

∣

∣

∣

=
|αi|Λ2

i

m2
h

. (3)

The meaning of this quantity is that if Di > 1, the theory needs fine-tuning of 1 part in Di. The
no fine-tuning condition Di ≈ 1 is equivalent to demanding that quadratic contributions in (1)
(taken separately) do not exceed the physical mass squared. Using precise values of αi given in
(1), we obtain three no fine-tuning scales (for Di > 1 these scales should be multiplied by

√
Di):

Λt ≈ 3.5 mh

Λg ≈ 9 mh > Λt (4)

Λh ≈ 1.3 TeV.

These equations are the quantitative outcome of the naturalness analysis—they bound the ex-
pected scale of the divergence-cancelling physics. Not surprisingly, the precise value of this scale
crucially depends on the assumed value of the Higgs mass. The prevalent assumption nowadays
is that the Higgs is light, with mh close to the 114 GeV limit from the direct searches, so that
the low value of Λt makes us reasonably sure that at least the physics cancelling the virtual top
divergence should be seen at the LHC.

But what if the Higgs is heavy, say mh ! 400 GeV? The scale Λt is raised above 1.4 TeV
(“improved naturalness”), and since Λh is also rather large, we can no longer be certain that the
physics cancelling these divergences will be observable at the LHC. While Λi only provide upper
bounds on the scale of the cancellation physics, in the absence of supersymmetry, given the LEP
paradox, it is likely that these bounds are saturated. What will the LHC see in this case? This is
the question we would like to address.

2.2 Perturbativity, or how heavy is heavy?

How high up in mh can one go? As the Higgs mass is increased so the quartic scalar interaction
becomes stronger, and the maximum scale at which perturbation theory is useful, ΛP , is decreased.
Our aim is to have a natural theory up to energies of 1.5 TeV, hence we must require that ΛP > 1.5
TeV, placing an upper bound on the Higgs mass. If this requirement is fulfilled, we can reasonably
assume that the divergence-cancelling physics, which is expected to appear just around that scale
will also be able to stop the growth of the Higgs quartic coupling and prevent the Landau pole
from appearing. The RG evolution of the Higgs quartic coupling is reviewed in Appendix A. The
results of that discussion can be summarized in terms of two scales: the one-loop Landau pole

2Lumping all terms in (1) together with a common value of Λi = Λ, one arrives at the conclusion that the SM
has no 1-loop fine-tuning problem provided that the quadratic divergences in (1) cancel, which occurs for mh ≈ 300
GeV (the so-called Veltman condition [7]). For the reasons mentioned, we do not accept this argument.

3

(One) Measure of fine tuning:

No guaranteed discovery, unlike Higgs mechanism

Should not stop us looking!!
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Table 3. Field content and naming conventions of the MSSM.

SM Field SU(3) SU(2) U(1) MSSM partner Superfield
qi (LH quarks) 3 2 1

6 q̃i (LH squarks) Qi

u
c
i (RH top, charm, up) 3̄ 1 � 2

3 ũ
c
i (RH stop, scharm, sup) U

c
i

d
c
i (RH bottom, strange, down) 3̄ 1 1

3 d̃
c
i (RH sbottom, sstrange, sdown) D

c
i

`i (LH leptons) 1 2 � 1
2

˜̀
i (LH sleptons) Li

e
c
i (RH tau, muon, electron) 1 1 1 ẽ

c
i (RH stau, smuon, selectron) E

c
i

hu (hd) (up-type (down-type) Higgs) 1 2 1
2

`
� 1

2

´
h̃u

“
h̃d

”
(up-type (down-type) higgsino) Hu (Hd)

gauge kinetic terms of the form,
Z

d2✓
1

4g2
3

W (3)
↵

W (3)↵ + . . . . (74)

Finally, the superpotential which we discuss in two parts. First,

WMSSM = YUU cQHu �YDDcQHd �YEEcLHd + µHuHd . (75)

I have suppressed flavour and gauge indices for clarity. We can see again
the need for the introduction of a second Higgs doublet, without it some of
the SM fermions would be massless. As in the SM the fields may be rotated
such that the Yukawas are diagonal, and since the third generation of SM
fermions is appreciably heavier than first two the Yukawas are often approx-
imated as YU ⇡ diag(0, 0, yt), YD ⇡ diag(0, 0, yb) and YE ⇡ diag(0, 0, y⌧ ).
The µ-term is a mass term for the Higgsinos and will also, through F-terms,
contribute to the scalar potential.

Expanding the superfields in WMSSM in their component fields gives us
the Feynman rules for the SM particles and their superpartners. Concen-
trating on the top Yukawa term we can write down three di↵erent couplings
all of size yt and we learn a very useful rule of thumb for understanding
couplings in the MSSM, see Fig. 3. Take any vertex in the SM and replace
two of the particles with their superpartners and this is a vertex in the
MSSM. This does not capture all the available couplings, for instance the
F-term for U c leads to a four-point Higgs-squark coupling that has no SM
counterpart, but does work for couplings involving at least one SM fermion
coming from the superpotential and the gauge coupling terms.

Exercise: Put the flavour and gauge indices back into Eq. (75), paying close
attention to SU(2) indices which are contracted with ✏↵� , and confirm the
signs.

In addition to these SM-like terms there are some other renormalis-
able operators allowed by the gauge symmetries that can be added to the

Superpartners have the same couplings as SM partners

If SUSY (softly) broken they have different masses

Many new interactions…>100 new parameters!

(more than) Doubling of the spectrum

gluino                       8          1           0                        gluino
W/Z                         1          3           0                        Wino/Zino
B/photon                  1         1           0                         bino/photino

Many constrained by flavour, CP-violation 
SUSY breaking models (GMSB, AMSB ,…) predict relations
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Fig. 3. Top Yukawa couplings.

superpotential,

W�B,L = ijk

1 QiLjD
c

k
+ ijk

2 LiLjE
c

k
+ i

3L
iHu + ijk

4 Dc

i
Dc

j
U c

k
. (76)

However, the first 3 of these operators violate lepton number, and the last
is no better since it violates baryon number. Note that both 2 and 4 are
antisymmetric under i $ j because of the antisymmetry of the gauge in-
dices, one is contracted with ✏↵� and one with fabc. At the renormalizable
level in the SM baryon and lepton symmetries are accidental, operators
that would violate B or L are forbidden because of gauge symmetries; B
and L are separately violated by non-perturbative processes, only B � L
is conserved. In the MSSM this accident no longer happens because super-
partners allow us to construct the operators in Eq. (76). We could forbid
these operators by fiat, as we will see the superpotential has an interesting
non-renormalisation property so that even if there is no symmetry forbid-
ding these operators once their coe�cients are set to zero they won’t be
generated in perturbation theory, but this is not appealing.

These operators could be forbidden if we introduced a new symme-
try, the price we have to pay for wanting to solve the hierarchy prob-
lem. For instance we could introduce an R-symmetry as inSec. 2.4 where
R[Q, U c, Dc, L,Ec] = 1/2 and R[Hu, Hd] = 1. This would forbid the W�B,L

terms while allowing the WMSSM terms. However, as we will soon see, this
is too restrictive and would forbid mass terms for gauginos. Instead we
consider a discrete Z2 subgroup of the U(1) R-symmetry under which su-
perpartners flip sign and SM fields do not. Under this R-parityf the fields
have charge,

PR = (�1)3(B�L)+F (77)

Under the parity SM fields are even and superpartners are odd and it has
several interesting implications:

fEquivalently another possibility is matter parity where parity is assigned by PM =
(�1)3(B�L).
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Figure 3.3: Supersymmetric gauge interaction vertices.

the scalar squared-mass term as an insertion in the propagator, the arrow direction is preserved.
Figure 3.3 shows the gauge interactions in a supersymmetric theory. Figures 3.3a,b,c occur only

when the gauge group is non-Abelian, for example for SU(3)C color and SU(2)L weak isospin in the
MSSM. Figures 3.3a and 3.3b are the interactions of gauge bosons, which derive from the first term in
eq. (3.3.3). In the MSSM these are exactly the same as the well-known QCD gluon and electroweak
gauge boson vertices of the Standard Model. (We do not show the interactions of ghost fields, which
are necessary only for consistent loop amplitudes.) Figures 3.3c,d,e,f are just the standard interactions
between gauge bosons and fermion and scalar fields that must occur in any gauge theory because of the
form of the covariant derivative; they come from eqs. (3.3.5) and (3.4.2)-(3.4.4) inserted in the kinetic
part of the Lagrangian. Figure 3.3c shows the coupling of a gaugino to a gauge boson; the gaugino line
in a Feynman diagram is traditionally drawn as a solid fermion line superimposed on a wavy line. In
Figure 3.3g we have the coupling of a gaugino to a chiral fermion and a complex scalar [the first term
in the second line of eq. (3.4.9)]. One can think of this as the “supersymmetrization” of Figure 3.3e or
3.3f; any of these three vertices may be obtained from any other (up to a factor of

√
2) by replacing two

of the particles by their supersymmetric partners. There is also an interaction in Figure 3.3h which
is just like Figure 3.3g but with all arrows reversed, corresponding to the complex conjugate term in
the Lagrangian [the second term in the second line in eq. (3.4.9)]. Finally in Figure 3.3i we have a
scalar quartic interaction vertex [the last term in eq. (3.4.12)], which is also determined by the gauge
coupling.

The results of this section can be used as a recipe for constructing the supersymmetric interactions
for any model. In the case of the MSSM, we already know the gauge group, particle content and the
gauge transformation properties, so it only remains to decide on the superpotential. This we will do
in section 6.1. However, first we will revisit the structure of supersymmetric Lagrangians in section 4
using the manifestly supersymmetric formalism of superspace and superfields, and then describe the
general form of soft supersymmetry breaking terms in section 5.

4 Superspace and superfields

In this section, the basic ideas of superspace and superfields are covered. These ideas provide elegant
tools for understanding the structure of supersymmetric theories, and are essential for analyzing and
communicating ideas about the formal structure of supersymmetry in the most succinct ways. However,
they are also not strictly necessary; the discussion given above shows how supersymmetry can be
defined and studied completely without the superspace and superfield notation. The reader who is
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are necessary only for consistent loop amplitudes.) Figures 3.3c,d,e,f are just the standard interactions
between gauge bosons and fermion and scalar fields that must occur in any gauge theory because of the
form of the covariant derivative; they come from eqs. (3.3.5) and (3.4.2)-(3.4.4) inserted in the kinetic
part of the Lagrangian. Figure 3.3c shows the coupling of a gaugino to a gauge boson; the gaugino line
in a Feynman diagram is traditionally drawn as a solid fermion line superimposed on a wavy line. In
Figure 3.3g we have the coupling of a gaugino to a chiral fermion and a complex scalar [the first term
in the second line of eq. (3.4.9)]. One can think of this as the “supersymmetrization” of Figure 3.3e or
3.3f; any of these three vertices may be obtained from any other (up to a factor of

√
2) by replacing two

of the particles by their supersymmetric partners. There is also an interaction in Figure 3.3h which
is just like Figure 3.3g but with all arrows reversed, corresponding to the complex conjugate term in
the Lagrangian [the second term in the second line in eq. (3.4.9)]. Finally in Figure 3.3i we have a
scalar quartic interaction vertex [the last term in eq. (3.4.12)], which is also determined by the gauge
coupling.

The results of this section can be used as a recipe for constructing the supersymmetric interactions
for any model. In the case of the MSSM, we already know the gauge group, particle content and the
gauge transformation properties, so it only remains to decide on the superpotential. This we will do
in section 6.1. However, first we will revisit the structure of supersymmetric Lagrangians in section 4
using the manifestly supersymmetric formalism of superspace and superfields, and then describe the
general form of soft supersymmetry breaking terms in section 5.

4 Superspace and superfields

In this section, the basic ideas of superspace and superfields are covered. These ideas provide elegant
tools for understanding the structure of supersymmetric theories, and are essential for analyzing and
communicating ideas about the formal structure of supersymmetry in the most succinct ways. However,
they are also not strictly necessary; the discussion given above shows how supersymmetry can be
defined and studied completely without the superspace and superfield notation. The reader who is
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Table 3. Field content and naming conventions of the MSSM.

SM Field SU(3) SU(2) U(1) MSSM partner Superfield
qi (LH quarks) 3 2 1

6 q̃i (LH squarks) Qi

u
c
i (RH top, charm, up) 3̄ 1 � 2

3 ũ
c
i (RH stop, scharm, sup) U

c
i

d
c
i (RH bottom, strange, down) 3̄ 1 1

3 d̃
c
i (RH sbottom, sstrange, sdown) D

c
i

`i (LH leptons) 1 2 � 1
2

˜̀
i (LH sleptons) Li

e
c
i (RH tau, muon, electron) 1 1 1 ẽ

c
i (RH stau, smuon, selectron) E

c
i

hu (hd) (up-type (down-type) Higgs) 1 2 1
2

`
� 1

2

´
h̃u

“
h̃d

”
(up-type (down-type) higgsino) Hu (Hd)

gauge kinetic terms of the form,
Z

d2✓
1

4g2
3

W (3)
↵

W (3)↵ + . . . . (74)

Finally, the superpotential which we discuss in two parts. First,

WMSSM = YUU cQHu �YDDcQHd �YEEcLHd + µHuHd . (75)

I have suppressed flavour and gauge indices for clarity. We can see again
the need for the introduction of a second Higgs doublet, without it some of
the SM fermions would be massless. As in the SM the fields may be rotated
such that the Yukawas are diagonal, and since the third generation of SM
fermions is appreciably heavier than first two the Yukawas are often approx-
imated as YU ⇡ diag(0, 0, yt), YD ⇡ diag(0, 0, yb) and YE ⇡ diag(0, 0, y⌧ ).
The µ-term is a mass term for the Higgsinos and will also, through F-terms,
contribute to the scalar potential.

Expanding the superfields in WMSSM in their component fields gives us
the Feynman rules for the SM particles and their superpartners. Concen-
trating on the top Yukawa term we can write down three di↵erent couplings
all of size yt and we learn a very useful rule of thumb for understanding
couplings in the MSSM, see Fig. 3. Take any vertex in the SM and replace
two of the particles with their superpartners and this is a vertex in the
MSSM. This does not capture all the available couplings, for instance the
F-term for U c leads to a four-point Higgs-squark coupling that has no SM
counterpart, but does work for couplings involving at least one SM fermion
coming from the superpotential and the gauge coupling terms.

Exercise: Put the flavour and gauge indices back into Eq. (75), paying close
attention to SU(2) indices which are contracted with ✏↵� , and confirm the
signs.

In addition to these SM-like terms there are some other renormalis-
able operators allowed by the gauge symmetries that can be added to the
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superpotential,

W�B,L = ijk
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c

k
+ ijk

2 LiLjE
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k
+ i

3L
iHu + ijk

4 Dc

i
Dc

j
U c

k
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However, the first 3 of these operators violate lepton number, and the last
is no better since it violates baryon number. Note that both 2 and 4 are
antisymmetric under i $ j because of the antisymmetry of the gauge in-
dices, one is contracted with ✏↵� and one with fabc. At the renormalizable
level in the SM baryon and lepton symmetries are accidental, operators
that would violate B or L are forbidden because of gauge symmetries; B
and L are separately violated by non-perturbative processes, only B � L
is conserved. In the MSSM this accident no longer happens because super-
partners allow us to construct the operators in Eq. (76). We could forbid
these operators by fiat, as we will see the superpotential has an interesting
non-renormalisation property so that even if there is no symmetry forbid-
ding these operators once their coe�cients are set to zero they won’t be
generated in perturbation theory, but this is not appealing.

These operators could be forbidden if we introduced a new symme-
try, the price we have to pay for wanting to solve the hierarchy prob-
lem. For instance we could introduce an R-symmetry as inSec. 2.4 where
R[Q, U c, Dc, L,Ec] = 1/2 and R[Hu, Hd] = 1. This would forbid the W�B,L

terms while allowing the WMSSM terms. However, as we will soon see, this
is too restrictive and would forbid mass terms for gauginos. Instead we
consider a discrete Z2 subgroup of the U(1) R-symmetry under which su-
perpartners flip sign and SM fields do not. Under this R-parityf the fields
have charge,

PR = (�1)3(B�L)+F (77)

Under the parity SM fields are even and superpartners are odd and it has
several interesting implications:

fEquivalently another possibility is matter parity where parity is assigned by PM =
(�1)3(B�L).
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the scalar squared-mass term as an insertion in the propagator, the arrow direction is preserved.
Figure 3.3 shows the gauge interactions in a supersymmetric theory. Figures 3.3a,b,c occur only

when the gauge group is non-Abelian, for example for SU(3)C color and SU(2)L weak isospin in the
MSSM. Figures 3.3a and 3.3b are the interactions of gauge bosons, which derive from the first term in
eq. (3.3.3). In the MSSM these are exactly the same as the well-known QCD gluon and electroweak
gauge boson vertices of the Standard Model. (We do not show the interactions of ghost fields, which
are necessary only for consistent loop amplitudes.) Figures 3.3c,d,e,f are just the standard interactions
between gauge bosons and fermion and scalar fields that must occur in any gauge theory because of the
form of the covariant derivative; they come from eqs. (3.3.5) and (3.4.2)-(3.4.4) inserted in the kinetic
part of the Lagrangian. Figure 3.3c shows the coupling of a gaugino to a gauge boson; the gaugino line
in a Feynman diagram is traditionally drawn as a solid fermion line superimposed on a wavy line. In
Figure 3.3g we have the coupling of a gaugino to a chiral fermion and a complex scalar [the first term
in the second line of eq. (3.4.9)]. One can think of this as the “supersymmetrization” of Figure 3.3e or
3.3f; any of these three vertices may be obtained from any other (up to a factor of

√
2) by replacing two

of the particles by their supersymmetric partners. There is also an interaction in Figure 3.3h which
is just like Figure 3.3g but with all arrows reversed, corresponding to the complex conjugate term in
the Lagrangian [the second term in the second line in eq. (3.4.9)]. Finally in Figure 3.3i we have a
scalar quartic interaction vertex [the last term in eq. (3.4.12)], which is also determined by the gauge
coupling.

The results of this section can be used as a recipe for constructing the supersymmetric interactions
for any model. In the case of the MSSM, we already know the gauge group, particle content and the
gauge transformation properties, so it only remains to decide on the superpotential. This we will do
in section 6.1. However, first we will revisit the structure of supersymmetric Lagrangians in section 4
using the manifestly supersymmetric formalism of superspace and superfields, and then describe the
general form of soft supersymmetry breaking terms in section 5.

4 Superspace and superfields

In this section, the basic ideas of superspace and superfields are covered. These ideas provide elegant
tools for understanding the structure of supersymmetric theories, and are essential for analyzing and
communicating ideas about the formal structure of supersymmetry in the most succinct ways. However,
they are also not strictly necessary; the discussion given above shows how supersymmetry can be
defined and studied completely without the superspace and superfield notation. The reader who is
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Table 3. Field content and naming conventions of the MSSM.
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Finally, the superpotential which we discuss in two parts. First,

WMSSM = YUU cQHu �YDDcQHd �YEEcLHd + µHuHd . (75)

I have suppressed flavour and gauge indices for clarity. We can see again
the need for the introduction of a second Higgs doublet, without it some of
the SM fermions would be massless. As in the SM the fields may be rotated
such that the Yukawas are diagonal, and since the third generation of SM
fermions is appreciably heavier than first two the Yukawas are often approx-
imated as YU ⇡ diag(0, 0, yt), YD ⇡ diag(0, 0, yb) and YE ⇡ diag(0, 0, y⌧ ).
The µ-term is a mass term for the Higgsinos and will also, through F-terms,
contribute to the scalar potential.

Expanding the superfields in WMSSM in their component fields gives us
the Feynman rules for the SM particles and their superpartners. Concen-
trating on the top Yukawa term we can write down three di↵erent couplings
all of size yt and we learn a very useful rule of thumb for understanding
couplings in the MSSM, see Fig. 3. Take any vertex in the SM and replace
two of the particles with their superpartners and this is a vertex in the
MSSM. This does not capture all the available couplings, for instance the
F-term for U c leads to a four-point Higgs-squark coupling that has no SM
counterpart, but does work for couplings involving at least one SM fermion
coming from the superpotential and the gauge coupling terms.

Exercise: Put the flavour and gauge indices back into Eq. (75), paying close
attention to SU(2) indices which are contracted with ✏↵� , and confirm the
signs.

In addition to these SM-like terms there are some other renormalis-
able operators allowed by the gauge symmetries that can be added to the
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However, the first 3 of these operators violate lepton number, and the last
is no better since it violates baryon number. Note that both 2 and 4 are
antisymmetric under i $ j because of the antisymmetry of the gauge in-
dices, one is contracted with ✏↵� and one with fabc. At the renormalizable
level in the SM baryon and lepton symmetries are accidental, operators
that would violate B or L are forbidden because of gauge symmetries; B
and L are separately violated by non-perturbative processes, only B � L
is conserved. In the MSSM this accident no longer happens because super-
partners allow us to construct the operators in Eq. (76). We could forbid
these operators by fiat, as we will see the superpotential has an interesting
non-renormalisation property so that even if there is no symmetry forbid-
ding these operators once their coe�cients are set to zero they won’t be
generated in perturbation theory, but this is not appealing.

These operators could be forbidden if we introduced a new symme-
try, the price we have to pay for wanting to solve the hierarchy prob-
lem. For instance we could introduce an R-symmetry as inSec. 2.4 where
R[Q, U c, Dc, L,Ec] = 1/2 and R[Hu, Hd] = 1. This would forbid the W�B,L

terms while allowing the WMSSM terms. However, as we will soon see, this
is too restrictive and would forbid mass terms for gauginos. Instead we
consider a discrete Z2 subgroup of the U(1) R-symmetry under which su-
perpartners flip sign and SM fields do not. Under this R-parityf the fields
have charge,

PR = (�1)3(B�L)+F (77)

Under the parity SM fields are even and superpartners are odd and it has
several interesting implications:

fEquivalently another possibility is matter parity where parity is assigned by PM =
(�1)3(B�L).
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form of the covariant derivative; they come from eqs. (3.3.5) and (3.4.2)-(3.4.4) inserted in the kinetic
part of the Lagrangian. Figure 3.3c shows the coupling of a gaugino to a gauge boson; the gaugino line
in a Feynman diagram is traditionally drawn as a solid fermion line superimposed on a wavy line. In
Figure 3.3g we have the coupling of a gaugino to a chiral fermion and a complex scalar [the first term
in the second line of eq. (3.4.9)]. One can think of this as the “supersymmetrization” of Figure 3.3e or
3.3f; any of these three vertices may be obtained from any other (up to a factor of
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of the particles by their supersymmetric partners. There is also an interaction in Figure 3.3h which
is just like Figure 3.3g but with all arrows reversed, corresponding to the complex conjugate term in
the Lagrangian [the second term in the second line in eq. (3.4.9)]. Finally in Figure 3.3i we have a
scalar quartic interaction vertex [the last term in eq. (3.4.12)], which is also determined by the gauge
coupling.

The results of this section can be used as a recipe for constructing the supersymmetric interactions
for any model. In the case of the MSSM, we already know the gauge group, particle content and the
gauge transformation properties, so it only remains to decide on the superpotential. This we will do
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However, the first 3 of these operators violate lepton number, and the last
is no better since it violates baryon number. Note that both 2 and 4 are
antisymmetric under i $ j because of the antisymmetry of the gauge in-
dices, one is contracted with ✏↵� and one with fabc. At the renormalizable
level in the SM baryon and lepton symmetries are accidental, operators
that would violate B or L are forbidden because of gauge symmetries; B
and L are separately violated by non-perturbative processes, only B � L
is conserved. In the MSSM this accident no longer happens because super-
partners allow us to construct the operators in Eq. (76). We could forbid
these operators by fiat, as we will see the superpotential has an interesting
non-renormalisation property so that even if there is no symmetry forbid-
ding these operators once their coe�cients are set to zero they won’t be
generated in perturbation theory, but this is not appealing.

These operators could be forbidden if we introduced a new symme-
try, the price we have to pay for wanting to solve the hierarchy prob-
lem. For instance we could introduce an R-symmetry as inSec. 2.4 where
R[Q, U c, Dc, L,Ec] = 1/2 and R[Hu, Hd] = 1. This would forbid the W�B,L

terms while allowing the WMSSM terms. However, as we will soon see, this
is too restrictive and would forbid mass terms for gauginos. Instead we
consider a discrete Z2 subgroup of the U(1) R-symmetry under which su-
perpartners flip sign and SM fields do not. Under this R-parityf the fields
have charge,

PR = (�1)3(B�L)+F (77)

Under the parity SM fields are even and superpartners are odd and it has
several interesting implications:

fEquivalently another possibility is matter parity where parity is assigned by PM =
(�1)3(B�L).
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Supersymmetry

New fields allow for new interactions (EFT philosophy)
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Fig. 3. Top Yukawa couplings.

superpotential,

W�B,L = ijk

1 QiLjD
c

k
+ ijk

2 LiLjE
c

k
+ i

3L
iHu + ijk

4 Dc

i
Dc

j
U c

k
. (76)

However, the first 3 of these operators violate lepton number, and the last
is no better since it violates baryon number. Note that both 2 and 4 are
antisymmetric under i $ j because of the antisymmetry of the gauge in-
dices, one is contracted with ✏↵� and one with fabc. At the renormalizable
level in the SM baryon and lepton symmetries are accidental, operators
that would violate B or L are forbidden because of gauge symmetries; B
and L are separately violated by non-perturbative processes, only B � L
is conserved. In the MSSM this accident no longer happens because super-
partners allow us to construct the operators in Eq. (76). We could forbid
these operators by fiat, as we will see the superpotential has an interesting
non-renormalisation property so that even if there is no symmetry forbid-
ding these operators once their coe�cients are set to zero they won’t be
generated in perturbation theory, but this is not appealing.

These operators could be forbidden if we introduced a new symme-
try, the price we have to pay for wanting to solve the hierarchy prob-
lem. For instance we could introduce an R-symmetry as inSec. 2.4 where
R[Q, U c, Dc, L,Ec] = 1/2 and R[Hu, Hd] = 1. This would forbid the W�B,L

terms while allowing the WMSSM terms. However, as we will soon see, this
is too restrictive and would forbid mass terms for gauginos. Instead we
consider a discrete Z2 subgroup of the U(1) R-symmetry under which su-
perpartners flip sign and SM fields do not. Under this R-parityf the fields
have charge,

PR = (�1)3(B�L)+F (77)

Under the parity SM fields are even and superpartners are odd and it has
several interesting implications:

fEquivalently another possibility is matter parity where parity is assigned by PM =
(�1)3(B�L).
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LPOP

1.SM and partners don’t mix

2.SUSY states pair produced

3.Lightest parity odd particle stable (DM?)

More later….
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Supersymmetry
Complicated spectrum, details depend on model


GMSB, Effective/Natural SUSY, Dirac gauginos….

Many, many interesting collider signatures

Lightest coloured states made first, decays involve MET

Compressed/Stealth spectra can hide SUSY (a little)

Electroweakino sector starting to be probed (DM)

SUSY is a great signal generator
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Ñ3

Ñ4
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ẽR

ν̃e

t̃1

t̃2,b̃2

b̃1

τ̃1

τ̃2
ν̃τ

(d)
Figure 8.5: Four sample mass spectra for the undiscovered particles in the MSSM, for (a) MSUGRA
with m2

0 ≪ m2
1/2, (b) MSUGRA with m2

0 ≫ m2
1/2, (c) GMSB with N5 = 1, and (d) GMSB with

N5 = 3. Mass scales are not equal for the four cases, and are deliberately omitted. These spectra
are presented for entertainment purposes only! No warranty, expressed or implied, guarantees that
they look anything like the real world.
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General BSM lessons
Top partners (fermions/bosons)

Higgs sector modifications

LPOPs, parity, DM, MET

Extra matter in fundamental and adjoint reps.


New gauge groups? 
Lighter, more weakly coupled particles? 
Resonances? 
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General BSM lessons
Top partners (fermions/bosons)

Higgs sector modifications

LPOPs, parity, DM, MET

Extra matter in fundamental and adjoint reps.


New gauge groups? 
Lighter, more weakly coupled particles? 
Resonances? 

Little Higgs 

Composite Higgs

Randall Sundrum



Twin Higgs

Higgs is a PNGB, and Higgs potential is O(8) symmetric

SMA ⇥ SMB ⇥ Z2
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[Chacko, Goh, Harnik]

O(8) ! O(7) :7 Goldstone bosons, 3 eaten by B gauge bosons
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Twin Higgs
Gauge and Yukawa interactions explicitly break the O(8)

Mass for Higgs?

3
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y
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2
BH

†
BHB

⌘

Z2 ) yA = yB

3

8⇡2
⇤2

y
2
H

†
H

Loop corrections to mass is O(8) symmetric, does not lead to 
quadratically divergent Higgs mass
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EFT aside
Low energy degrees of freedom, non-linearly realized symm.
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The Vector-like Twin
[NC, S. Knapen, P. Longhi, & M. Strassler ’16]
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To separate v and f and make the SM Higgs lie mostly in A 
introduce soft breaking µ2
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Higgs portal between A and B sectors
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• Higgs mixing and corrections to Higgs pheno at v
2

f2

• Higgs invisible decay width, to light B sector stuff

FIG. 2. In blue, a plot of the rate of Higgs events into SM states normalized to the SM. The green

line is the invisible branching ratio of the Higgs into mirror twin particles. The vertical orange and

red lines are the 95% confidence bound from precision electroweak constraints for a 1 TeV and 5

TeV cuto↵ respectively.

mass. Their analysis was carried out assuming a cuto↵ ⇤ =3 TeV. In general, however, the

leading contributions to the oblique parameters go like
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⇤
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⌘
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⌘
, (31)

where mZ is the mass of the Z boson. For ✏ su�ciently small we expect these parameters

to dominate the analysis. In that case we may translate the bound on ✏ at ⇤ to a bound on

✏
0 at ⇤0 by

✏
2 ln

✓
⇤

mZ

◆
= ✏

2

0

@1 +
ln
�

⇤
⇤0

�

ln
⇣

⇤0

mZ

⌘

1

A ln

✓
⇤0

mZ

◆
⌘ ✏

02 ln

✓
⇤0

mZ

◆
. (32)

The 2� bound on ✏
0 can be translated into a limit on the top partner mass. In Fig. 2 we

denote bound corresponding to a 1 TeV and 5 TeV cuto↵ by the vertical orange and red

lines respectively.

Finally, we estimate the tuning �m of the Higgs mass parameter m2 as a function of the

top partner mass as a measure of the naturalness of the MTH model. We use the formula

�m =

����
2�m2

m
2
h

����
�1

(33)
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Coma Cluster

“You spin me right round…”

90% of the matter in the cluster doesn’t shine

Virial theorem: 2hKi = �hV i

M =
v2R

GN

Fritz Zwicky



Something invisible is 
holding stars in orbit 

Vera Rubin

Has been repeated in many systems on many scales. 
Alway same result: never enough stuff
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holding stars in orbit 
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Has been repeated in many systems on many scales. 
Alway same result: never enough stuff
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Evidence for Dark Matter

The Bullet Cluster

X-rays (hot gas)

Mass distribution 
(gravitational lensing)
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Evidence for Dark Matter

Hot plasma of hydrogen atoms and photons, 
and DM and cc
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Fig. 15. Baryons and matter. Baryons change the relative heights of the even and odd peaks through their
inertia in the plasma. The matter-radiation ratio also changes the overall amplitude of the oscillations from
driving e↵ects. Adapted from Hu and Dodelson (2002).

second and third peaks (e.g. Hu et al. 2001). The dependence of the spectrum on the baryon density
⌦mh

2 is shown in Fig. 15. Constraints on the third peak from the DASI experiment (Pryke et al.
2001) represented the first direct evidence for dark matter at the epoch of recombination. Current
constraints from a combination of WMAP and higher resolution ground and balloon based data yield
⌦mh

2 = 0.135 ± 0.007 (Reichardt et al. (2008)). Since this parameter controls the error on the
distance to recombination through equation (131) and the matter power spectrum (see below), it is
important to improve the precision of its measurement with the third higher peaks.

Damping Tail: Consistency— Under the standard thermal history of §2 and matter content, the
parameters that control the first 3 peaks also determine the structure of the damping tail at ` > 103:
namely, the angular diameter distance to recombination D⇤, the baryon density ⌦bh

2 and the matter
density ⌦mh

2. When the damping tail was first discovered by the CBI experiment (Padin et al. 2001),
it supplied compelling support for the standard theoretical modeling of the physics at recombination
outlined here. Currently the best constraints on the damping tail are from the ACBAR experiment
(Reichardt et al. 2008, see Fig. 7). Consistency between the low order peaks and the damping tail
can be used to make precision tests of recombination and any physics beyond the standard model at
that epoch. For example, damping tail measurements can be used to constrain the evolution of the
fine structure constant.

Matter Power Spectrum: Shape & Amplitude — The acoustic peaks also determine the shape and
amplitude of the matter power spectrum. Firstly, acoustic oscillations are shared by the baryons. In
particular, the plasma motion kinematically produces enhancements of density near recombination
(see Eqn. 113))

�b ⇡ �k⌘⇤vb(⌘⇤) ⇡ �k⌘⇤v�(⌘⇤) . (132)

This enhancement then imprints into the matter power spectrum at an amplitude reduced by ⇢b/⇢m

due to the small baryon fraction (Hu and Sugiyama 1996). Secondly, the gravitational potentials
that the cold dark matter perturbations fall in are evolving through the plasma epoch due to the

Hu 0802.3688

Planck Collaboration



22. Big-Bang nucleosynthesis 3

Figure 22.1: The abundances of 4He, D, 3He, and 7Li as predicted by the standard
model of Big-Bang nucleosynthesis — the bands show the 95% CL range. Boxes
indicate the observed light element abundances. The narrow vertical band indicates
the CMB measure of the cosmic baryon density, while the wider band indicates the
BBN concordance range (both at 95% CL).
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Figure 22.1: The abundances of 4He, D, 3He, and 7Li as predicted by the standard
model of Big-Bang nucleosynthesis — the bands show the 95% CL range. Boxes
indicate the observed light element abundances. The narrow vertical band indicates
the CMB measure of the cosmic baryon density, while the wider band indicates the
BBN concordance range (both at 95% CL).

December 18, 2013 11:56

Big Bang Nucleosynthesis

Hot soup of protons and neutrons, can predict light 
element abundance ~5% in baryons



So far all probes have been 
gravitational in nature

What about other interactions?



Advance in Perihelion of Mercury needed new physics 
(general relativity) to explain it. (Originally thought to be 
planet Vulcan!)
—MOND??

Curious

History lesson
Neptune discovered by wobble in orbit of Uranus
—original DM!
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DM as a thermal relic

A weak scale particle (WIMP) freezes out to leave the 
correct relic abundance - the WIMP “miracle”

“The weak shall inherit the Universe”

§WIMP
superWIMP

FIG. 14: In superWIMP scenarios, a WIMP freezes out as usual, but then decays to a superWIMP,
a superweakly-interacting particle that forms dark matter.

IV. SUPERWIMPS

In superWIMP scenarios [32, 33], a WIMP freezes out as usual, but then decays to a
stable dark matter particle that interacts superweakly, as shown in Fig. 14. The prototypical
example of a superWIMP is a weak-scale gravitino produced non-thermally in the late
decays of a weakly-interacting next-to-lightest supersymmetric particle (NLSP), such as a
neutralino, charged slepton, or sneutrino [32, 33, 56, 57, 58, 59, 60, 61]. Additional examples
include axinos [23, 62] and quintessinos [63] in supersymmetry, Kaluza-Klein graviton and
axion states in models with universal extra dimensions [64], and stable particles in models
that simultaneously address the problem of baryon asymmetry [65]. SuperWIMPs have
all of the virtues of WIMPs. They exist in the same well-motivated frameworks and are
stable for the same reasons. In addition, in many cases the WIMP and superWIMP masses
have the same origin. In these cases, the decaying WIMP and superWIMP naturally have
comparable masses, and superWIMPs also are automatically produced with relic densities
of the desired order of magnitude.

As noted above, superWIMPs exist in many different contexts. We concentrate here on
the case of gravitino superWIMPs. In the simplest supersymmetric models, supersymme-
try is transmitted to standard model superpartners through gravitational interactions, and
supersymmetry is broken at a high scale. The mass of the gravitino G̃ is

mG̃ =
F√
3M∗

, (11)
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Amazing (misleading?) fact: 
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LPOPs
Many models of BSM physics contain a parity

SM ! SM BSM ! �BSM

e.g. R-parity in SUSY (proton decay)
      T-parity in little higgs models (precision EW observables)
      KK-parity in extra-dimensional models 

 …..

Lightest Parity Odd Particle is stable, may be a DM candidate

Always produced in pairs and leaves detector as MET 
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But such particles exist in MANY BSM models
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FIG. 1: Mass ranges for dark matter and mediator particle candidates, experimental anomalies,
and search techniques described in this document. All mass ranges are merely representative; for
details, see the text. The QCD axion mass upper bound is set by supernova constraints, and
may be significantly raised by astrophysical uncertainties. Axion-like dark matter may also have
lower masses than depicted. Ultralight Dark Matter and Hidden Sector Dark Matter are broad
frameworks. Mass ranges corresponding to various production mechanisms within each framework
are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure
anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,
and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics
and Microlensing searches are described in Sec. VII.
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an ideal preparation to tackle problems in broad areas of basic science, engineering, industry, and even the
financial sectors.

In this paper, we discuss the context for direct detection experiments in the search for dark matter and
describe briefly the current state of theoretical models for WIMPs. A brief review of the technologies
and experiments is presented, along with a discussion of facilities and instrumentation that enable such
experiments, and a description of other physics that these experiments can do. We end with a discussion
of how the field is likely to evolve over the next two decades, with a specific roadmap and criteria for new
experiments.

The international dark matter program is expected to evolve from currently-running (G1) experiments to
G2 experiments (defined as in R&D or construction now), to G3 experiments which will eventually reach
the irreducible neutrino background. Down-selection and consolidation will occur at each stage, given the
growing financial cost and manpower needs of these experiments. The DOE has a formal down-selection
process for one or more major G2 experiments. Since substantial NSF contributions are also expected,
XENON1T is considered to be a joint NSF/international US-led G2 experiment. Additional G2 experiments
may also move to construction in the coming year by either having relatively low overall cost or relatively
low cost to DOE/NSF. It is unclear when and how the U.S. funding agencies will select G3 experiments, but
such a stage is on their planning horizon. It is expected that only one or two U.S.-led G3 experiments at
the $100M range will be financially tenable.

3 Dark Matter Direct Detection in Context

Direct detection is only one method to search for dark matter. Because dark matter can potentially interact
with any of the known particles or, as in the case of hidden sector dark matter, another currently unknown
particle (as shown in Fig. 5), it is important to place direct detection in the larger context of dark matter

Dark Matter 

Nuclear Matter 
quarks, gluons 

Leptons 
electrons, muons, 

taus, neutrinos 

Photons, 
W, Z, h bosons 

Other dark 
particles 

Astrophysical  
Probes 

DM DM 

DM DM 

Particle 
Colliders 

SM DM 

SM DM 

Indirect 
Detection 

DM SM 

DM SM 

Direct 
Detection 

DM DM 

SM SM 

Figure 5. Dark matter may have non-gravitational interactions with any of the known particles as well as
other dark particles, and these interactions can be probed in several di↵erent ways.

research. The Snowmass Cosmic Frontier Working Group CF4 has prepared a report [2] exploring the

Community Planning Study: Snowmass 2013



Q: Are these different search strategies separate, 
redundant, complementary, relatable,….?
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Direct detection experiments

Only some of these experiments will be discussed in the next slides!
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FIG. 3: Position distribution of events that pass all
selections (gray points), and those below the NR
median (outside FV: red points; inside FV: green star),
with FV cuts indicated as the black dashed box.
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FIG. 4: The distribution of log10(S2/S1) versus S1 for
the dark matter search data. The median of the NR
calibration band is indicated as the red curve. The
dashed magenta curve represents the equivalent 100 PE
cut on S2. The solid magenta curve is the 99.99% NR
acceptance curve. The gray dashed curves represent the
equal energy curves with NR energy indicated in the
figures. The data point below the NR median curve is
highlighted as a green star.

15 time bins to take into account time-dependent fac-
tors such as the background level and detector parame-
ters (Table I). The overall scales of the four background
components, 85Kr, other ER background (including Rn
and material background), accidental, and neutron back-
ground, were defined as nuisance parameters with nom-
inal values taken from Table II. For 127Xe, on the other
hand, the nominal value was derived from the table to in-
clude the time dependence for individual time bins. The
systematic uncertainties in Tables II and III were used in
the corresponding Gaussian penalty terms, which were
common to all time bins. To obtain the exclusion limit

to spin-independent isoscalar WIMP-nucleon cross sec-
tion, profile likelihood ratio statistics [15, 16] were con-
structed over grids of WIMP mass and cross section, and
the final 90% confidence level (C.L.) cross section upper
limits were calculated using the CLs approach [17, 18].
The final results are shown in Fig. 5, with recent re-
sults from PandaX-II Run 8 [5], XENON100 [19], and
LUX [4] overlaid. Our upper limits lie within the ±1�
sensitivity band. The lowest cross section limit obtained
is 2.5⇥10�46 cm2 at a WIMP mass of 40 GeV/c2, which
represents an improvement of more than a factor of 10
from Ref [5]. In the high WIMP mass region, our results
are more than a factor of 2 more stringent than the LUX
results [4]. Note that we have been generally conserva-
tive in o�cially reporting the first limits in this article.
WIMP NR modeling with a tuned NEST could result in
an even more stringent limit (see Fig. 12 in Supplemental
Material [[11]]), and a more elaborated treatment of FV
cuts would also help.
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FIG. 5: The 90% C.L. upper limits for the
spin-independent isoscalar WIMP-nucleon cross sections
from the combination of PandaX-II Runs 8 and 9 (red
solid). Selected recent world results are plotted for
comparison: PandaX-II Run 8 results [5] (magenta),
XENON100 225 day results [19] (black), and LUX 2015
results [4](blue). The 1 and 2-� sensitivity bands are
shown in green and yellow, respectively.

In conclusion, we report the combined WIMP search
results using data from Run 8 and Run 9 of the PandaX-
II experiment with an exposure of 3.3⇥104 kg-day. No
dark matter candidates were identified above background
and 90% upper limits were set on the spin-independent
elastic WIMP-nucleon cross sections with a lowest ex-
cluded value of 2.5⇥10�46 cm2 at a WIMP mass of
40 GeV/c2, the world best reported limit so far. The
experiment continues to take physics data to explore the
previously unattainable WIMP parameter space.
As we were in the final stage of preparing this article,

we learnt that the LUX collaboration had released the
final result of their experiment at IDM2016 [20], with a
similar total exposure and sensitivity.

Dark-matter results from 332 new live days of LUX data

A. Manalaysay | LUX: IDM2016
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clude the time dependence for individual time bins. The
systematic uncertainties in Tables II and III were used in
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the final 90% confidence level (C.L.) cross section upper
limits were calculated using the CLs approach [17, 18].
The final results are shown in Fig. 5, with recent re-
sults from PandaX-II Run 8 [5], XENON100 [19], and
LUX [4] overlaid. Our upper limits lie within the ±1�
sensitivity band. The lowest cross section limit obtained
is 2.5⇥10�46 cm2 at a WIMP mass of 40 GeV/c2, which
represents an improvement of more than a factor of 10
from Ref [5]. In the high WIMP mass region, our results
are more than a factor of 2 more stringent than the LUX
results [4]. Note that we have been generally conserva-
tive in o�cially reporting the first limits in this article.
WIMP NR modeling with a tuned NEST could result in
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In conclusion, we report the combined WIMP search
results using data from Run 8 and Run 9 of the PandaX-
II experiment with an exposure of 3.3⇥104 kg-day. No
dark matter candidates were identified above background
and 90% upper limits were set on the spin-independent
elastic WIMP-nucleon cross sections with a lowest ex-
cluded value of 2.5⇥10�46 cm2 at a WIMP mass of
40 GeV/c2, the world best reported limit so far. The
experiment continues to take physics data to explore the
previously unattainable WIMP parameter space.
As we were in the final stage of preparing this article,

we learnt that the LUX collaboration had released the
final result of their experiment at IDM2016 [20], with a
similar total exposure and sensitivity.
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Figure 12: Left : Neutrino isoevent contour lines (long dash orange) compared with current limits and regions of interest. The
contours delineate regions in the WIMP-nucleon cross section vs WIMP mass plane which for which dark matter experiments
will see neutrino events (see Sec. IIID). Right : WIMP discovery limit (thick dashed orange) compared with current limits
and regions of interest. The dominant neutrino components for different WIMP mass regions are labeled. Progress beyond
this line would require a combination of better knowledge of the neutrino background, annual modulation, and/or directional
detection. We show 90% confidence exclusion limits from DAMIC [55] (light blue), SIMPLE [56] (purple), COUPP [57] (teal),
ZEPLIN-III [58] (blue), EDELWEISS standard [59] and low-threshold [60] (orange), CDMS II Ge standard [61], low-threshold
[62] and CDMSlite [63] (red), XENON10 S2-only [64] and XENON100 [65] (dark green) and LUX [66] (light green). The filled
regions identify possible signal regions associated with data from CDMS-II Si [1] (light blue, 90% C.L.), CoGeNT [67] (yellow,
90% C.L.), DAMA/LIBRA [68] (tan, 99.7% C.L.), and CRESST [69] (pink, 95.45% C.L.) experiments. The light green shaded
region is the parameter space excluded by the LUX Collaboration.

3. Measurement of annual modulation. In the case of
a 6 GeV/c2 WIMP, next generation experiments
could reach sufficiently high statistics to disen-
tangle the WIMP and the neutrino contributions
using the 6% annual modulation rate of dark mat-
ter interactions [54]. However, in the case of hea-
vier WIMPs, very large and unrealistic exposures
would be required to obtain enough events to detect
such predicted annual modulation for cross sections
around 10−48 cm2. Furthermore, the atmospheric
neutrino event rate also undergoes annual modula-
tion due to the change in temperature of the atmos-
phere throughout the year [50]. A dedicated study
taking into account systematic uncertainties in the
neutrino fluxes and their modulations is required
to assess the feasibility of annual modulation dis-
crimination in light of atmospheric neutrino back-
grounds.

4. Measurement of the nuclear recoil direction as

suggested by upcoming directional detection expe-
riments [51]. Since the main neutrino background
has a solar origin, the directional signal of such
events is expected to be drastically different than
the WIMP-induced ones [52, 53]. This way, a
better discrimination between WIMP and neutrino
events will enhance the WIMP detection signifi-
cance allowing us to get stronger discovery limits.
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Figure 12: Left : Neutrino isoevent contour lines (long dash orange) compared with current limits and regions of interest. The
contours delineate regions in the WIMP-nucleon cross section vs WIMP mass plane which for which dark matter experiments
will see neutrino events (see Sec. IIID). Right : WIMP discovery limit (thick dashed orange) compared with current limits
and regions of interest. The dominant neutrino components for different WIMP mass regions are labeled. Progress beyond
this line would require a combination of better knowledge of the neutrino background, annual modulation, and/or directional
detection. We show 90% confidence exclusion limits from DAMIC [55] (light blue), SIMPLE [56] (purple), COUPP [57] (teal),
ZEPLIN-III [58] (blue), EDELWEISS standard [59] and low-threshold [60] (orange), CDMS II Ge standard [61], low-threshold
[62] and CDMSlite [63] (red), XENON10 S2-only [64] and XENON100 [65] (dark green) and LUX [66] (light green). The filled
regions identify possible signal regions associated with data from CDMS-II Si [1] (light blue, 90% C.L.), CoGeNT [67] (yellow,
90% C.L.), DAMA/LIBRA [68] (tan, 99.7% C.L.), and CRESST [69] (pink, 95.45% C.L.) experiments. The light green shaded
region is the parameter space excluded by the LUX Collaboration.

3. Measurement of annual modulation. In the case of
a 6 GeV/c2 WIMP, next generation experiments
could reach sufficiently high statistics to disen-
tangle the WIMP and the neutrino contributions
using the 6% annual modulation rate of dark mat-
ter interactions [54]. However, in the case of hea-
vier WIMPs, very large and unrealistic exposures
would be required to obtain enough events to detect
such predicted annual modulation for cross sections
around 10−48 cm2. Furthermore, the atmospheric
neutrino event rate also undergoes annual modula-
tion due to the change in temperature of the atmos-
phere throughout the year [50]. A dedicated study
taking into account systematic uncertainties in the
neutrino fluxes and their modulations is required
to assess the feasibility of annual modulation dis-
crimination in light of atmospheric neutrino back-
grounds.

4. Measurement of the nuclear recoil direction as

suggested by upcoming directional detection expe-
riments [51]. Since the main neutrino background
has a solar origin, the directional signal of such
events is expected to be drastically different than
the WIMP-induced ones [52, 53]. This way, a
better discrimination between WIMP and neutrino
events will enhance the WIMP detection signifi-
cance allowing us to get stronger discovery limits.
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Figure 12: Left : Neutrino isoevent contour lines (long dash orange) compared with current limits and regions of interest. The
contours delineate regions in the WIMP-nucleon cross section vs WIMP mass plane which for which dark matter experiments
will see neutrino events (see Sec. IIID). Right : WIMP discovery limit (thick dashed orange) compared with current limits
and regions of interest. The dominant neutrino components for different WIMP mass regions are labeled. Progress beyond
this line would require a combination of better knowledge of the neutrino background, annual modulation, and/or directional
detection. We show 90% confidence exclusion limits from DAMIC [55] (light blue), SIMPLE [56] (purple), COUPP [57] (teal),
ZEPLIN-III [58] (blue), EDELWEISS standard [59] and low-threshold [60] (orange), CDMS II Ge standard [61], low-threshold
[62] and CDMSlite [63] (red), XENON10 S2-only [64] and XENON100 [65] (dark green) and LUX [66] (light green). The filled
regions identify possible signal regions associated with data from CDMS-II Si [1] (light blue, 90% C.L.), CoGeNT [67] (yellow,
90% C.L.), DAMA/LIBRA [68] (tan, 99.7% C.L.), and CRESST [69] (pink, 95.45% C.L.) experiments. The light green shaded
region is the parameter space excluded by the LUX Collaboration.

3. Measurement of annual modulation. In the case of
a 6 GeV/c2 WIMP, next generation experiments
could reach sufficiently high statistics to disen-
tangle the WIMP and the neutrino contributions
using the 6% annual modulation rate of dark mat-
ter interactions [54]. However, in the case of hea-
vier WIMPs, very large and unrealistic exposures
would be required to obtain enough events to detect
such predicted annual modulation for cross sections
around 10−48 cm2. Furthermore, the atmospheric
neutrino event rate also undergoes annual modula-
tion due to the change in temperature of the atmos-
phere throughout the year [50]. A dedicated study
taking into account systematic uncertainties in the
neutrino fluxes and their modulations is required
to assess the feasibility of annual modulation dis-
crimination in light of atmospheric neutrino back-
grounds.

4. Measurement of the nuclear recoil direction as

suggested by upcoming directional detection expe-
riments [51]. Since the main neutrino background
has a solar origin, the directional signal of such
events is expected to be drastically different than
the WIMP-induced ones [52, 53]. This way, a
better discrimination between WIMP and neutrino
events will enhance the WIMP detection signifi-
cance allowing us to get stronger discovery limits.
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Indirect Detection “Master formula”

FIGURE 2. Simulated GLAST allsky map of neutralino DM annihilation in the Galactic halo, for a fiducial observer located 8
kpc from the halo center along the intermediate principle axis. We assumed Mχ = 46 GeV, ⟨σv⟩ = 5×10−26 cm3 s−1, a pixel size
of 9 arcmin, and a 2 year exposure time. The flux from the subhalos has been boosted by a factor of 10 (see text for explanation).
Backgrounds and known astrophysical gamma-ray sources have not been included.

DM ANNIHILATION ALLSKY MAP

Using the DM distribution in our Via Lactea simulation, we have constructed allsky maps of the gamma-ray flux from
DM annihilation in our Galaxy. As an illustrative example we have elected to pick a specific set of DM particle physics
and realistic GLAST/LAT parameters. This allows us to present maps of expected photon counts.

The number of detected DM annihilation gamma-ray photons from a solid angle ΔΩ along a given line of sight (θ ,
φ ) over an integration time of τexp is given by

Nγ (θ ,φ) = ΔΩ τexp
⟨σv⟩
M2
χ

[

∫ Mχ

Eth

(

dNγ
dE

)

Aeff(E)dE
]

∫

los
ρ(l)2dl, (2)

where Mχ and ⟨σv⟩ are the DM particle mass and velocity-weighted cross section, Eth and Aeff(E) are the detector
threshold and energy-dependent effective area, and dNγ/dE is the annihilation spectrum.

We assume that the DM particle is a neutralino and have chosen standard values for the particle mass and annihilation
cross section: Mχ = 46 GeV and ⟨σv⟩= 5×10−26 cm3 s−1. These values are somewhat favorable, but well within the
range of theoretically and observationally allowed models. As a caveat we note that the allowed Mχ -⟨σv⟩ parameter
space is enormous (see e.g. [7]), and it is quite possible that the true values lie orders of magnitude away from the
chosen ones, or indeed that the DM particle is not a neutralino, or not even weakly interacting at all. We include only
the continuum emission due to the hadronization and decay of the annihilation products (b  b and u  u only, for our low
Mχ ) and use the spectrum dNγ/dE given in [8].

For the detector parameters we chose an exposure time of τexp = 2 years and a pixel angular size of Δθ = 9 arcmin,
corresponding to the 68% containment GLAST/LAT angular resolution. For the effective area we used the curve
published on the GLAST/LAT performance website [9] and adopted a threshold energy of Eth = 0.45 GeV (chosen to

channel from to [GeV]
WW mW 165
ZZ mZ 190
hh mh 280
tt̄ mt 310
bb̄ 35 GeV 165

Table 1: The allowed dark matter mass range for �� ! XX, with X = {h, W±, Z, t, b},
found by combining the preferred regions from the results of our fits to the GCE.

2 Dark Matter Annihilation at the Galactic Center

While DM can annihilate directly to a pair of hard photons, this process is typically loop
suppressed. The production of photons is dominated by production of SM particles which
subsequently produce photons through decays, or to a lesser extent bremsstrahlung. The
di↵erential flux of such photons from a given direction  is given by,

dN

d⌦dE
( ) =

1

4⇡⌘

f2
�J( )

m2
�

X

i

h�vii
dN i

dE�

, (2.1)

with ⌘ = 2(4) for self-conjugate (non-self-conjugate) DM. The quantity dN i/dE� is the
spectrum of photons obtained per annihilation for the final state i. The line-of-sight integral,
J( ), is given by

J( ) =

Z

l.o.s.
ds ⇢(r)2 , (2.2)

where r is the distance from the Galactic center. The quantity f� is the fraction of dark
matter that is doing the annihilation. For simplicity we will assume only one species � is
annihilating, but the formalism can be trivially generalized to many by taking a sum.

In this section we will discuss each of the factors in (2.1) in turn, paying attention to
the uncertainties and their relation to dark matter properties. We will begin with the line-of-
sight integral, J( ), continue with the annihilation fraction f�, and then discuss the spectra
dN i/dE� in Section 2.3.

2.1 The Line-of-Sight Integral and Halo Uncertainties

Since the dark matter density peaks sharply towards the center of the Galaxy, the Galactic
center is a promising place to look for dark matter annihilations. In practice, the backgrounds
near the center of the Galaxy are poorly understood, and it is not possible to perform a model
independent subtraction. One approach that is commonly used is to include an additional
dark matter component to the fit in addition to the various background components. It is
found that the fit improves dramatically when such a dark matter component is included.
The photons absorbed by the dark matter template are the residuals, to which di↵erent
hypotheses can be compared.

The current sensitivity to di↵erent dark matter profiles is somewhat poor. In order to
compare results across di↵erent analyses, it is convenient to define a canonical dark matter
profile. A typical choice is the (generalized) Navarro-Frenk-White (NFW) [57] profile,

⇢(r) = ⇢0
(r/rs)

��

(1 + r/rs)
3��

. (2.3)
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FIG. 2: The gamma ray spectrum measured by the FGST within 0.5◦ (left) and 3◦ (right) of the Milky Way’s dynamical
center. In each frame, the dashed line denotes the predicted spectrum from a 28 GeV dark matter particle annihilating to
bb̄ with a cross section of σv = 9 × 10−26 cm3/s, and distributed according to a halo profile slightly more cusped than NFW
(γ = 1.1). The dotted and dot-dashed lines denote the contributions from the previously discovered TeV point source located
at the Milky Way’s dynamical center and the diffuse background, respectively. The solid line is the sum of these contributions.

pion decay taking place with a roughly spherically sym-
metric distribution around the Galactic Center, for ex-
ample, could be difficult to distinguish. Further informa-
tion will thus be required to determine the origin of these
photons.
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FIG. 2: The gamma ray spectrum measured by the FGST within 0.5◦ (left) and 3◦ (right) of the Milky Way’s dynamical
center. In each frame, the dashed line denotes the predicted spectrum from a 28 GeV dark matter particle annihilating to
bb̄ with a cross section of σv = 9 × 10−26 cm3/s, and distributed according to a halo profile slightly more cusped than NFW
(γ = 1.1). The dotted and dot-dashed lines denote the contributions from the previously discovered TeV point source located
at the Milky Way’s dynamical center and the diffuse background, respectively. The solid line is the sum of these contributions.

pion decay taking place with a roughly spherically sym-
metric distribution around the Galactic Center, for ex-
ample, could be difficult to distinguish. Further informa-
tion will thus be required to determine the origin of these
photons.
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FIG. 6: Intensity maps (in galactic coordinates) after subtracting the best-fit Galactic di↵use model, Fermi bubbles, and
isotropic templates. At energies between ⇠0.5-5 GeV (i.e. in the first three frames), the dark-matter-like emission is clearly
visible around the Galactic Center.

analysis of Ref. [8], the cut on CTBCORE significantly
hardens the spectrum at energies below 1 GeV, render-
ing it more consistent with that extracted at higher lati-
tudes (see Appendix A). Shown for comparison (as a solid
line) is the spectrum predicted from a 35.25 GeV dark
matter particle annihilating to bb̄ with a cross section of
�v = 1.7 ⇥ 10�26 cm3/s ⇥ [(0.3GeV/cm3)/⇢local]2. The
spectrum of this component is in good agreement with
that predicted by this dark matter model, yielding a fit
of �2 = 26.4 over the 25 error bars between 0.3 and 100
GeV. We also note that the spectral shape of the dark
matter template is quite robust to variations in �, except
at energies below ⇠ 600 MeV, where the spectral shape

can vary non-negligibly with the choice of inner slope (see
Appendix C).

In Fig. 6, we plot the maps of the gamma-ray sky in
four energy ranges after subtracting the best-fit di↵use
model, Fermi Bubbles, and isotropic templates. In the
0.5-1 GeV, 1-2 GeV, and 2-5 GeV maps, the dark-matter-
like emission is clearly visible in the region surrounding
the Galactic Center. Much less central emission is vis-
ible at 5-20 GeV, where the dark matter component is
significantly less bright.
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FIG. 2: The gamma ray spectrum measured by the FGST within 0.5◦ (left) and 3◦ (right) of the Milky Way’s dynamical
center. In each frame, the dashed line denotes the predicted spectrum from a 28 GeV dark matter particle annihilating to
bb̄ with a cross section of σv = 9 × 10−26 cm3/s, and distributed according to a halo profile slightly more cusped than NFW
(γ = 1.1). The dotted and dot-dashed lines denote the contributions from the previously discovered TeV point source located
at the Milky Way’s dynamical center and the diffuse background, respectively. The solid line is the sum of these contributions.

pion decay taking place with a roughly spherically sym-
metric distribution around the Galactic Center, for ex-
ample, could be difficult to distinguish. Further informa-
tion will thus be required to determine the origin of these
photons.
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FIG. 6: Intensity maps (in galactic coordinates) after subtracting the best-fit Galactic di↵use model, Fermi bubbles, and
isotropic templates. At energies between ⇠0.5-5 GeV (i.e. in the first three frames), the dark-matter-like emission is clearly
visible around the Galactic Center.

analysis of Ref. [8], the cut on CTBCORE significantly
hardens the spectrum at energies below 1 GeV, render-
ing it more consistent with that extracted at higher lati-
tudes (see Appendix A). Shown for comparison (as a solid
line) is the spectrum predicted from a 35.25 GeV dark
matter particle annihilating to bb̄ with a cross section of
�v = 1.7 ⇥ 10�26 cm3/s ⇥ [(0.3GeV/cm3)/⇢local]2. The
spectrum of this component is in good agreement with
that predicted by this dark matter model, yielding a fit
of �2 = 26.4 over the 25 error bars between 0.3 and 100
GeV. We also note that the spectral shape of the dark
matter template is quite robust to variations in �, except
at energies below ⇠ 600 MeV, where the spectral shape

can vary non-negligibly with the choice of inner slope (see
Appendix C).

In Fig. 6, we plot the maps of the gamma-ray sky in
four energy ranges after subtracting the best-fit di↵use
model, Fermi Bubbles, and isotropic templates. In the
0.5-1 GeV, 1-2 GeV, and 2-5 GeV maps, the dark-matter-
like emission is clearly visible in the region surrounding
the Galactic Center. Much less central emission is vis-
ible at 5-20 GeV, where the dark matter component is
significantly less bright.
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Figure 4: Top: Regions of parameter space which reproduce the Fermi best fit spectra.
We do not fit to Fermi data, but rather to their reported best-fit spectra with statistical
uncertainties only. We show the “��2” contours obtained for the hypotheses �� ! XX
for X = {h, W±, Z, t, b} fitting to Fermi’s spectrum (a) (low mass) and spectrum (d) (high
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the right. The Fermi spectra are shown as a dashed line and the gray envelope shows the
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statistical uncertainties we took for the fit. We see that the Fermi power-law-with-cuto↵
parametrization can be matched by many well motivated particle physics models. For spec-
trum (b) the fits are remarkably good, for the best fit points in (bb̄ , W±W⌥ , ZZ , hh , tt̄) final
state the �2, for the 20 bins of the Fermi result, are (2.6 , 1.8 , 2.6 , 4.6 , 2.0). For spectrum
(d) the corresponding �2 are (44 , 15 , 15 , 20 , 21).
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Are the excess photons from the Galactic centre DM?

•Source is spherical, with the expected radial dependence
•Cross section is close to thermal
•Centred in the right place
•Statistical significant, and Fermi-team sees it too

•Galactic centre is a confusing place
•Not as clear as a spectral line
•Milli-second pulsars (but we would have seen more, also 
spectrum different from those observed)

•Look at other DM “bright spots”--dwarf galaxies
•Cosmic ray anti-particles
•Correlated signals, LHC, direct detection
•Interesting times ahead
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Figure 1: Artistic view of the DM theory space. See text for detailed explanations.

exchanges. This comes with the price that they typically involve not just one, but a handful
of parameters that characterize the dark sector and its coupling to the visible sector.

(III) While simplified models capture some set of signals accurately at LHC energies (and beyond),
they are likely to miss important correlations between observables. Complete DM models
close this gap by adding more particles to the SM, most of which are not suitable DM
candidates. The classical example is the Minimal Supersymmetric SM (MSSM), in which
each SM particle gets its own superpartner and the DM candidate, the neutralino, is a weakly
interacting massive particle. Reasonable phenomenological models in this class have of order
20 parameters, leading to varied visions of DM. At the same time, they build-in correlations
from symmetry-enforcing relations among couplings, that would look like random accidents
in a simplified model description. Complete DM models can in principle answer any question
satisfactorily, but one might worry that their structure is so rich that it is impossible to
determine unambiguously the underlying new dynamics from a finite amount of data (“inverse
problem”) [24].

Given our ignorance of the portal(s) between the dark sector and the SM, it is important that
we explore all possibilities that the DM theory space has to o↵er. While the three frameworks
discussed above have their own pros and cons, they are all well-motivated, interesting, and each
could, on its own, very well lead to breakthroughs in our understanding of DM. Ignoring whole
“continents” of the DM theory landscape at Run II, say EFTs, would be shortsighted, and might
well make it impossible to exploit the full LHC potential as a DM discovery machine.

In recent years, a lot of progress has been made in exploring and understanding both DM-EFTs
and a variety of complete models. The same cannot (yet) be said about simplified models that

4

Ways to search for DM at colliders



Ways to search for DM at colliders

Model dependent searches at LHC 
(e.g. SUSY)

•Hierarchy problem motivates new coloured states 
(squarks)
•SM observables (proton decay/PEWO) require 
introduction of new parity (R-parity)
•SM fields even, new states odd
•LPOP (LSP) stable    DM candidate?
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Use a full UV model (e.g. SUSY) 

Complicated/interesting final state.
Tuned analyses
No clear relation between different search strategies
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FIG. 3: New result on spin-independent WIMP-nucleon scat-
tering from XENON100: The expected sensitivity of this run
is shown by the green/yellow band (1�/2�) and the result-
ing exclusion limit (90% CL) in blue. For comparison, other
experimental results are also shown [19–22], together with
the regions (1�/2�) preferred by supersymmetric (CMSSM)
models [18].

the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections �� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of ⇢� = 0.3GeV/c3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le↵ parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1�/2�) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
� = 2.0 ⇥ 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg⇥days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di↵er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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lated, assuming an isothermal WIMP halo with a lo-
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ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le↵ parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1�/2�) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
� = 2.0 ⇥ 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg⇥days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di↵er-
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the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
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SUSY “preferred region”

?



Q: Are these different search strategies separate, 
redundant, complementary, relatable,….?

A: traditionally there was no clear way to relate them



Ways to search for DM at colliders

Consider only the DM is light “Maverick DM”, or EFT 
Beltran et al. [1002.4137]

In order to get a particular DM-nucleon cross 

section,                     , we assume the existence of 

a DM-hadron interaction,                       . 
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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The same interaction can lead to DM production at 
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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well as missing energy signals associated with invisible decays of the Higgs boson. Where available,
we will use existing LHC data to set limits on the dark matter–quark and dark matter–gluon
couplings in an e⇥ective field theory framework, and we will demonstrate the complementarity of
these limits to those obtained from direct and indirect dark matter searches. We will also compare
several mono-jet analyses that have been carried out by ATLAS and CMS, and we will outline a
strategy for discovering dark matter or improving bounds in the future.

Dark matter searches using mono-jet signatures have been discussed previously in the context
of both Tevatron and LHC searches [1–7], and have been shown to be very competitive with
direct searches, especially at low dark matter mass and for dark matter with spin-dependent
interactions. In a related work, SSC constraints on missing energy signatures due to quark and
lepton compositeness have been discussed in [8]. The mono-photon channel has so far mostly
been considered as a search channel at lepton colliders [9–11], but sensitivity studies exist also
for the LHC [12, 13], and they suggest that mono-photons can provide very good sensitivity to
dark matter production at hadron colliders. Combined analyses of Tevatron mono-jet searches and
LEP mono-photon searches have been presented in [14, 15]. The mono-photon channel su⇥ers from
di⇥erent systematic uncertainties than the mono-jet channel, and probes a di⇥erent set of DM–SM
couplings, it can thus provide an important confirmation in case a signal is observed in mono-jets.

The outline of this paper is as follows: After introducing the e⇥ective field theory formalism
of dark matter interactions in section 2, we will first discuss the mono-jet channel in section 3.
We will describe our analysis procedure and then apply it to ATLAS and CMS data in order to
set limits on the e⇥ective dark matter couplings to quarks and gluons. We also re-interpret these
limits as bounds on the scattering and annihilation cross sections measured at direct and indirect
detection experiments. We then go on, in section 4, to discuss how our limits are modified in
models in which dark matter interactions are mediated by a light . O(few TeV) particle, so that
the e⇥ective field theory formalism is not applicable. In section 5, we will perform an analysis
similar to that from section 3 in the mono-photon channel. A special example of dark matter
coupling through a light mediator is DM interacting through the Standard Model Higgs boson,
and we will argue in section 6 that in this case, invisible Higgs decay channels provide the best
sensitivity. We will summarize and conclude in section 7.

2. AN EFFECTIVE THEORY FOR DARK MATTER INTERACTIONS

If interactions between dark matter and Standard Model particles involve very heavy (&
few TeV) mediator particles—an assumption we are going to make in most of this paper—we
can describe them in the framework of e⇥ective field theory. (We will investigate how departing
from the e⇥ective field theory framework changes our results in sections 4 as well as 6.) Since our
goal is not to do a full survey of all possible e⇥ective operators, but rather to illustrate a wide
variety of phenomenologically distinct cases, we will assume the dark matter to be a Dirac fermion
⇥ and consider the following e⇥ective operators1

OV =
(⇥̄�µ⇥)(q̄�µq)

�2
, (vector, s-channel) (1)

OA =
(⇥̄�µ�5⇥)(q̄�µ�5q)

�2
, (axial vector, s-channel) (2)

Ot =
(⇥̄PRq)(q̄PL⇥)

�2
+ (L � R) , (scalar, t-channel) (3)

1 Other recent studies that have used a similar formalism to describe dark matter interactions include [1–5, 7, 11, 16–
20].

3

Og = �s
(⇤̄⇤) (Ga

µ⇥G
aµ⇥)

�3
. (scalar, s-channel) (4)

In these expressions, ⇤ is the dark matter field, q is a Standard Model quark field, Ga
µ⇥ is the gluon

field strength tensor, and PR(L) = (1±⇥5)/2. Since couplings to leptons cannot be directly probed
in a hadron collider environment, we will not concern ourselves with these in this paper (see [11]
for collider limits on dark matter–electron couplings).

In setting bounds we will turn on operators for up and down quarks separately. The bound
for couplings to any linear combination of quark flavors can be derived from these bounds (see
section 3). The denomination “s-channel” or “t-channel” in equations (1)–(4), refers to the most
straightforward ultraviolet (UV) completions of the respective operators. For instance, OV arises
most naturally if dark matter production in pp collisions proceeds through s-channel exchange of
a new heavy gauge boson, and Ot is most easily obtained if the production process is t-channel
exchange of a heavy scalar. In such a UV completion, � would be given by M/

�
g⇤gq, where M

is the mass of the mediator, g⇤ is its coupling to dark matter and gq is its coupling to Standard
Model quarks. (The gluon operator Og is somewhat special in this respect since the coupling of
a scalar mediator to two gluons is in itself a dimension-5 operator). In supersymmetric theories
the dominant interaction of dark matter with quarks is often induced by squark exchange. For the
case of degenerate left and right handed squarks an operator of the form Ot is predicted (but with
⇤ being a Majorana fermion). Here we have assumed that DM is a Dirac fermion, the case of a
Majorana fermion [7] would not greatly alter our results, except in the case of the vector operator
OV , which vanishes if ⇤ is a Majorana fermion.

Ultimately we wish to compare the collider bounds to direct detection bounds, and when match-
ing quark level operators to nucleon level operators the coupling between the SM and DM must
be of the form OSMO⇤, where OSM involves only Standard Model fields and O⇤ involves only dark
matter, so that the matrix element ⇧N |OSM|N⌃ can be extracted [18]. An operator like Ot, which
is not in this form, can be converted into it by a Fierz transformation. This leads to a sum of
several operators that can all contribute to the interaction. Typically, for direct detection, one of
these operators will dominate, but at colliders there can be considerable interference. For instance,
we can rewrite equation (3) as

1

�2
(⇤̄PRq)(q̄PL⇤) + (L ⇤ R) =

1

4�2
[(⇤̄⇥µ⇤)(q̄⇥µq)� (⇤̄⇥µ⇥5⇤)(q̄⇥µ⇥5q)] =

1

4�2
(OV �OA) . (5)

If ⇤ is a Dirac fermion both the OV and the OA components contribute to ⇤ production at colliders,
but in direct detection experiments, the spin-independent interaction induced by OV dominates
over the spin-dependent interaction due to OA. For Majorana dark matter, of course, OV would
vanish in all cases.

3. MONO-JETS AT THE LHC

In this section we will derive bounds on dark matter operators with mono-jet searches. In the
following subsection we will compare the reach of several mono-jet searches, a low luminosity (36
pb�1) CMS search and three ATLAS searches with varying jet pT cuts using 1 fb�1 of data.2 For
simplicity we will make this comparison only for the vector operator OV , with dark matter coupling
only to up quarks. We will find that the highest jet pT cuts are most e⇥ective in setting bounds
on this dark matter interaction. In the next subsection we will proceed to use the analysis based
on these highest jet-pT cuts to set bounds on all e⇥ective operators discussed in section 2.

2 As we were completing this manuscript, CMS has also updated its mono-jet analysis using 1.1 fb�1 of data [21].
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
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well as missing energy signals associated with invisible decays of the Higgs boson. Where available,
we will use existing LHC data to set limits on the dark matter–quark and dark matter–gluon
couplings in an e⇥ective field theory framework, and we will demonstrate the complementarity of
these limits to those obtained from direct and indirect dark matter searches. We will also compare
several mono-jet analyses that have been carried out by ATLAS and CMS, and we will outline a
strategy for discovering dark matter or improving bounds in the future.

Dark matter searches using mono-jet signatures have been discussed previously in the context
of both Tevatron and LHC searches [1–7], and have been shown to be very competitive with
direct searches, especially at low dark matter mass and for dark matter with spin-dependent
interactions. In a related work, SSC constraints on missing energy signatures due to quark and
lepton compositeness have been discussed in [8]. The mono-photon channel has so far mostly
been considered as a search channel at lepton colliders [9–11], but sensitivity studies exist also
for the LHC [12, 13], and they suggest that mono-photons can provide very good sensitivity to
dark matter production at hadron colliders. Combined analyses of Tevatron mono-jet searches and
LEP mono-photon searches have been presented in [14, 15]. The mono-photon channel su⇥ers from
di⇥erent systematic uncertainties than the mono-jet channel, and probes a di⇥erent set of DM–SM
couplings, it can thus provide an important confirmation in case a signal is observed in mono-jets.

The outline of this paper is as follows: After introducing the e⇥ective field theory formalism
of dark matter interactions in section 2, we will first discuss the mono-jet channel in section 3.
We will describe our analysis procedure and then apply it to ATLAS and CMS data in order to
set limits on the e⇥ective dark matter couplings to quarks and gluons. We also re-interpret these
limits as bounds on the scattering and annihilation cross sections measured at direct and indirect
detection experiments. We then go on, in section 4, to discuss how our limits are modified in
models in which dark matter interactions are mediated by a light . O(few TeV) particle, so that
the e⇥ective field theory formalism is not applicable. In section 5, we will perform an analysis
similar to that from section 3 in the mono-photon channel. A special example of dark matter
coupling through a light mediator is DM interacting through the Standard Model Higgs boson,
and we will argue in section 6 that in this case, invisible Higgs decay channels provide the best
sensitivity. We will summarize and conclude in section 7.

2. AN EFFECTIVE THEORY FOR DARK MATTER INTERACTIONS

If interactions between dark matter and Standard Model particles involve very heavy (&
few TeV) mediator particles—an assumption we are going to make in most of this paper—we
can describe them in the framework of e⇥ective field theory. (We will investigate how departing
from the e⇥ective field theory framework changes our results in sections 4 as well as 6.) Since our
goal is not to do a full survey of all possible e⇥ective operators, but rather to illustrate a wide
variety of phenomenologically distinct cases, we will assume the dark matter to be a Dirac fermion
⇥ and consider the following e⇥ective operators1

OV =
(⇥̄�µ⇥)(q̄�µq)

�2
, (vector, s-channel) (1)

OA =
(⇥̄�µ�5⇥)(q̄�µ�5q)

�2
, (axial vector, s-channel) (2)

Ot =
(⇥̄PRq)(q̄PL⇥)

�2
+ (L � R) , (scalar, t-channel) (3)

1 Other recent studies that have used a similar formalism to describe dark matter interactions include [1–5, 7, 11, 16–
20].
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Og = �s
(⇤̄⇤) (Ga

µ⇥G
aµ⇥)

�3
. (scalar, s-channel) (4)

In these expressions, ⇤ is the dark matter field, q is a Standard Model quark field, Ga
µ⇥ is the gluon

field strength tensor, and PR(L) = (1±⇥5)/2. Since couplings to leptons cannot be directly probed
in a hadron collider environment, we will not concern ourselves with these in this paper (see [11]
for collider limits on dark matter–electron couplings).

In setting bounds we will turn on operators for up and down quarks separately. The bound
for couplings to any linear combination of quark flavors can be derived from these bounds (see
section 3). The denomination “s-channel” or “t-channel” in equations (1)–(4), refers to the most
straightforward ultraviolet (UV) completions of the respective operators. For instance, OV arises
most naturally if dark matter production in pp collisions proceeds through s-channel exchange of
a new heavy gauge boson, and Ot is most easily obtained if the production process is t-channel
exchange of a heavy scalar. In such a UV completion, � would be given by M/

�
g⇤gq, where M

is the mass of the mediator, g⇤ is its coupling to dark matter and gq is its coupling to Standard
Model quarks. (The gluon operator Og is somewhat special in this respect since the coupling of
a scalar mediator to two gluons is in itself a dimension-5 operator). In supersymmetric theories
the dominant interaction of dark matter with quarks is often induced by squark exchange. For the
case of degenerate left and right handed squarks an operator of the form Ot is predicted (but with
⇤ being a Majorana fermion). Here we have assumed that DM is a Dirac fermion, the case of a
Majorana fermion [7] would not greatly alter our results, except in the case of the vector operator
OV , which vanishes if ⇤ is a Majorana fermion.

Ultimately we wish to compare the collider bounds to direct detection bounds, and when match-
ing quark level operators to nucleon level operators the coupling between the SM and DM must
be of the form OSMO⇤, where OSM involves only Standard Model fields and O⇤ involves only dark
matter, so that the matrix element ⇧N |OSM|N⌃ can be extracted [18]. An operator like Ot, which
is not in this form, can be converted into it by a Fierz transformation. This leads to a sum of
several operators that can all contribute to the interaction. Typically, for direct detection, one of
these operators will dominate, but at colliders there can be considerable interference. For instance,
we can rewrite equation (3) as

1

�2
(⇤̄PRq)(q̄PL⇤) + (L ⇤ R) =

1

4�2
[(⇤̄⇥µ⇤)(q̄⇥µq)� (⇤̄⇥µ⇥5⇤)(q̄⇥µ⇥5q)] =

1

4�2
(OV �OA) . (5)

If ⇤ is a Dirac fermion both the OV and the OA components contribute to ⇤ production at colliders,
but in direct detection experiments, the spin-independent interaction induced by OV dominates
over the spin-dependent interaction due to OA. For Majorana dark matter, of course, OV would
vanish in all cases.

3. MONO-JETS AT THE LHC

In this section we will derive bounds on dark matter operators with mono-jet searches. In the
following subsection we will compare the reach of several mono-jet searches, a low luminosity (36
pb�1) CMS search and three ATLAS searches with varying jet pT cuts using 1 fb�1 of data.2 For
simplicity we will make this comparison only for the vector operator OV , with dark matter coupling
only to up quarks. We will find that the highest jet pT cuts are most e⇥ective in setting bounds
on this dark matter interaction. In the next subsection we will proceed to use the analysis based
on these highest jet-pT cuts to set bounds on all e⇥ective operators discussed in section 2.

2 As we were completing this manuscript, CMS has also updated its mono-jet analysis using 1.1 fb�1 of data [21].
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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The same interaction can lead to DM production at 
a hadron machine.

pp̄� nothing,

SI, scalar exchange

SI, vector exchange

SD, axial-vector 
exchange

2

well as missing energy signals associated with invisible decays of the Higgs boson. Where available,
we will use existing LHC data to set limits on the dark matter–quark and dark matter–gluon
couplings in an e⇥ective field theory framework, and we will demonstrate the complementarity of
these limits to those obtained from direct and indirect dark matter searches. We will also compare
several mono-jet analyses that have been carried out by ATLAS and CMS, and we will outline a
strategy for discovering dark matter or improving bounds in the future.

Dark matter searches using mono-jet signatures have been discussed previously in the context
of both Tevatron and LHC searches [1–7], and have been shown to be very competitive with
direct searches, especially at low dark matter mass and for dark matter with spin-dependent
interactions. In a related work, SSC constraints on missing energy signatures due to quark and
lepton compositeness have been discussed in [8]. The mono-photon channel has so far mostly
been considered as a search channel at lepton colliders [9–11], but sensitivity studies exist also
for the LHC [12, 13], and they suggest that mono-photons can provide very good sensitivity to
dark matter production at hadron colliders. Combined analyses of Tevatron mono-jet searches and
LEP mono-photon searches have been presented in [14, 15]. The mono-photon channel su⇥ers from
di⇥erent systematic uncertainties than the mono-jet channel, and probes a di⇥erent set of DM–SM
couplings, it can thus provide an important confirmation in case a signal is observed in mono-jets.

The outline of this paper is as follows: After introducing the e⇥ective field theory formalism
of dark matter interactions in section 2, we will first discuss the mono-jet channel in section 3.
We will describe our analysis procedure and then apply it to ATLAS and CMS data in order to
set limits on the e⇥ective dark matter couplings to quarks and gluons. We also re-interpret these
limits as bounds on the scattering and annihilation cross sections measured at direct and indirect
detection experiments. We then go on, in section 4, to discuss how our limits are modified in
models in which dark matter interactions are mediated by a light . O(few TeV) particle, so that
the e⇥ective field theory formalism is not applicable. In section 5, we will perform an analysis
similar to that from section 3 in the mono-photon channel. A special example of dark matter
coupling through a light mediator is DM interacting through the Standard Model Higgs boson,
and we will argue in section 6 that in this case, invisible Higgs decay channels provide the best
sensitivity. We will summarize and conclude in section 7.

2. AN EFFECTIVE THEORY FOR DARK MATTER INTERACTIONS

If interactions between dark matter and Standard Model particles involve very heavy (&
few TeV) mediator particles—an assumption we are going to make in most of this paper—we
can describe them in the framework of e⇥ective field theory. (We will investigate how departing
from the e⇥ective field theory framework changes our results in sections 4 as well as 6.) Since our
goal is not to do a full survey of all possible e⇥ective operators, but rather to illustrate a wide
variety of phenomenologically distinct cases, we will assume the dark matter to be a Dirac fermion
⇥ and consider the following e⇥ective operators1

OV =
(⇥̄�µ⇥)(q̄�µq)

�2
, (vector, s-channel) (1)

OA =
(⇥̄�µ�5⇥)(q̄�µ�5q)

�2
, (axial vector, s-channel) (2)

Ot =
(⇥̄PRq)(q̄PL⇥)

�2
+ (L � R) , (scalar, t-channel) (3)

1 Other recent studies that have used a similar formalism to describe dark matter interactions include [1–5, 7, 11, 16–
20].

3

Og = �s
(⇤̄⇤) (Ga

µ⇥G
aµ⇥)

�3
. (scalar, s-channel) (4)

In these expressions, ⇤ is the dark matter field, q is a Standard Model quark field, Ga
µ⇥ is the gluon

field strength tensor, and PR(L) = (1±⇥5)/2. Since couplings to leptons cannot be directly probed
in a hadron collider environment, we will not concern ourselves with these in this paper (see [11]
for collider limits on dark matter–electron couplings).

In setting bounds we will turn on operators for up and down quarks separately. The bound
for couplings to any linear combination of quark flavors can be derived from these bounds (see
section 3). The denomination “s-channel” or “t-channel” in equations (1)–(4), refers to the most
straightforward ultraviolet (UV) completions of the respective operators. For instance, OV arises
most naturally if dark matter production in pp collisions proceeds through s-channel exchange of
a new heavy gauge boson, and Ot is most easily obtained if the production process is t-channel
exchange of a heavy scalar. In such a UV completion, � would be given by M/

�
g⇤gq, where M

is the mass of the mediator, g⇤ is its coupling to dark matter and gq is its coupling to Standard
Model quarks. (The gluon operator Og is somewhat special in this respect since the coupling of
a scalar mediator to two gluons is in itself a dimension-5 operator). In supersymmetric theories
the dominant interaction of dark matter with quarks is often induced by squark exchange. For the
case of degenerate left and right handed squarks an operator of the form Ot is predicted (but with
⇤ being a Majorana fermion). Here we have assumed that DM is a Dirac fermion, the case of a
Majorana fermion [7] would not greatly alter our results, except in the case of the vector operator
OV , which vanishes if ⇤ is a Majorana fermion.

Ultimately we wish to compare the collider bounds to direct detection bounds, and when match-
ing quark level operators to nucleon level operators the coupling between the SM and DM must
be of the form OSMO⇤, where OSM involves only Standard Model fields and O⇤ involves only dark
matter, so that the matrix element ⇧N |OSM|N⌃ can be extracted [18]. An operator like Ot, which
is not in this form, can be converted into it by a Fierz transformation. This leads to a sum of
several operators that can all contribute to the interaction. Typically, for direct detection, one of
these operators will dominate, but at colliders there can be considerable interference. For instance,
we can rewrite equation (3) as

1

�2
(⇤̄PRq)(q̄PL⇤) + (L ⇤ R) =

1

4�2
[(⇤̄⇥µ⇤)(q̄⇥µq)� (⇤̄⇥µ⇥5⇤)(q̄⇥µ⇥5q)] =

1

4�2
(OV �OA) . (5)

If ⇤ is a Dirac fermion both the OV and the OA components contribute to ⇤ production at colliders,
but in direct detection experiments, the spin-independent interaction induced by OV dominates
over the spin-dependent interaction due to OA. For Majorana dark matter, of course, OV would
vanish in all cases.

3. MONO-JETS AT THE LHC

In this section we will derive bounds on dark matter operators with mono-jet searches. In the
following subsection we will compare the reach of several mono-jet searches, a low luminosity (36
pb�1) CMS search and three ATLAS searches with varying jet pT cuts using 1 fb�1 of data.2 For
simplicity we will make this comparison only for the vector operator OV , with dark matter coupling
only to up quarks. We will find that the highest jet pT cuts are most e⇥ective in setting bounds
on this dark matter interaction. In the next subsection we will proceed to use the analysis based
on these highest jet-pT cuts to set bounds on all e⇥ective operators discussed in section 2.

2 As we were completing this manuscript, CMS has also updated its mono-jet analysis using 1.1 fb�1 of data [21].

SI, scalar exchange
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Figure 3: Missing transverse energy E
miss
T after all selections for data and SM backgrounds. The

processes contributing to the SM background are from simulation, normalised to the estimation
from data using the E

miss
T threshold of 500 GeV. The shaded bands in the lower panel represent

the statistical uncertainty. Overflow events are included in the last bin.

ciency of the selection, which has the additional requirement that there be at least one isolated
muon in the event, is also estimated from simulation. It is corrected to account for differences
in the measured muon reconstruction efficiencies in data and simulation. The uncertainty in
the Z(nn) prediction includes both statistical and systematic components. The sources of un-
certainty are: (1) the statistical uncertainty in the numbers of Z(µµ) events in the data, (2)
uncertainty due to backgrounds, (3) uncertainties in the acceptance associated with the PDFs
and the size of the simulation samples, (4) the uncertainty in the selection efficiency as deter-
mined from the difference in measured efficiencies in data and simulation and the size of the
simulation samples, and (5) the theoretical uncertainty on the ratio of branching fractions [49].
The dominant source of uncertainty in the high E

miss
T regions is the statistical uncertainty in the

number of Z(µµ) events, which is 11% for E
miss
T > 500 GeV. Table 1 summarizes the statistical

and systematic uncertainties.

Table 1: Summary of the statistical and systematic contributions to the total uncertainty on the
Z(nn) background.

E
miss
T (GeV) ! >250 >300 >350 >400 >450 >500 >550

(1) Z(µµ)+jets statistical unc. 1.7 2.7 4.0 5.6 7.8 11 16
(2) Background 1.4 1.7 2.1 2.4 2.7 3.2 3.9
(3) Acceptance 2.0 2.1 2.1 2.2 2.3 2.6 2.8
(4) Selection efficiency 2.1 2.2 2.2 2.4 2.7 3.1 3.7
(5) RBF 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Total uncertainty (%) 5.1 5.6 6.6 7.9 9.9 13 18

The second-largest background arises from W+jets events that are not rejected by the lepton
veto. This can occur when a lepton (electron or muon) from the W decays (prompt or via
leptonic tau decay) fails the identification, isolation or acceptance requirements, or a hadronic
tau decay is not identified. The contributions to the signal region from these events are es-
timated from the W(µn)+jets control sample in data. This sample is selected by applying
the full signal selection, except the muon veto, and instead requiring an isolated muon with
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Figure 1: The measured EmissT distribution (black dots) compared to the SM (solid lines), SM+ADD LED (dashed
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ground contributions fromW/Z+jets, γ+jets, and multi-jet processes are taken from theMC simulations normalized
to the data-driven estimations, as discussed in the text. For data only statistical uncertainties are included. The
band around the total background prediction includes uncertainties on the data-driven background estimates and
statistical uncertainties on the MC samples.

interactions is driven by the results from collider experiments with the assumption of the validity of the
effective theory. The upper limits presented in this note improve upon CDF results at the Tevatron [4] and
are similar to those obtained by the CMS experiment [6] which uses axial-vector operators to describe
spin-dependent interactions.

8 Conclusion

In summary, we report results on the search for new phenomena in events with an energetic photon and
large missing transverse momentum in proton-proton collisions at

√
s = 7 TeV, based on ATLAS data

corresponding to an integrated luminosity of 4.6 fb−1. The measurements are in agreement with the SM
predictions for background. The results are translated into model-independent 90% and 95% confidence
level upper limits on σ × A × ϵ of 5.6 fb and 6.8 fb, respectively. The results are presented in terms
of new improved limits on MD versus the number of extra spatial dimensions in the ADD LED model
and upper limits on the spin-independent and spin-dependent contributions to the nucleon-WIMP elastic
cross section as a function of the WIMP mass.
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Table 10: ADD Model observed and expected limits on MD in TeV/c
2 as a function of d at LO

and NLO, with K-factors of 1.5 for d = 2,3 and 1.4 for d = 4,5,6.
LO NLO

d Exp. Limit Obs. Limit Exp. Limit Obs. Limit
2 5.12 5.10 5.70 5.67
3 3.96 3.94 4.31 4.29
4 3.46 3.44 3.72 3.71
5 3.11 3.10 3.32 3.31
6 2.95 2.94 3.13 3.12

The limits on L as a function of the DM mass for the vector interaction and the axial-vector
interaction are shown in Figure 6, together with a comparison with limits from the previous
CMS analysis using 5 fb�1 at 7 TeV. The observed and expected limits at the 90% CL on the
DM-nucleon scattering cross section for the vector, axial-vector and scalar operators are shown
in Tables 11, 12, 13 and Figures 7 and 8.

Also considered is the case in which the mediator is light enough to be accessible to the LHC.
Figure 9 shows the observed limits on L as a function of the mass of the mediator, assuming
vector interactions and a dark matter mass of 50 GeV/c

2 and 500 GeV/c
2. The width (G) of the

mediator is varied between M/3 and M/8p [13]. It shows the resonant enhancement in the
production cross section once the mass of the mediator is within the kinematic range and can
be produced on-shell. At large mediator mass, the limits on L approximate to those obtained
in the effective theory framework [13].
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Figure 6: Limits on the contact interaction scale L as a function of the DM mass for the current
analysis using 19.5 fb�1 of 8 TeV data. Also shown is the result from the previous analysis
using 5 fb�1 of 7 TeV data.

The results can also be interpreted in the context of Unparticle production. Shown in Figure 10
are the expected and observed 95% C.L limits on the cross-sections for S = 0 Unparticles with
dU = 1.5, 1.6, 1.7, 1.8 and 1.9 as a function of LU for a fixed coupling constant l = 1. The
observed 95% C.L limit LU for these values of dU is shown in Table 14. This can be compared

Vector coupling

2

well as missing energy signals associated with invisible decays of the Higgs boson. Where available,
we will use existing LHC data to set limits on the dark matter–quark and dark matter–gluon
couplings in an e⇥ective field theory framework, and we will demonstrate the complementarity of
these limits to those obtained from direct and indirect dark matter searches. We will also compare
several mono-jet analyses that have been carried out by ATLAS and CMS, and we will outline a
strategy for discovering dark matter or improving bounds in the future.

Dark matter searches using mono-jet signatures have been discussed previously in the context
of both Tevatron and LHC searches [1–7], and have been shown to be very competitive with
direct searches, especially at low dark matter mass and for dark matter with spin-dependent
interactions. In a related work, SSC constraints on missing energy signatures due to quark and
lepton compositeness have been discussed in [8]. The mono-photon channel has so far mostly
been considered as a search channel at lepton colliders [9–11], but sensitivity studies exist also
for the LHC [12, 13], and they suggest that mono-photons can provide very good sensitivity to
dark matter production at hadron colliders. Combined analyses of Tevatron mono-jet searches and
LEP mono-photon searches have been presented in [14, 15]. The mono-photon channel su⇥ers from
di⇥erent systematic uncertainties than the mono-jet channel, and probes a di⇥erent set of DM–SM
couplings, it can thus provide an important confirmation in case a signal is observed in mono-jets.

The outline of this paper is as follows: After introducing the e⇥ective field theory formalism
of dark matter interactions in section 2, we will first discuss the mono-jet channel in section 3.
We will describe our analysis procedure and then apply it to ATLAS and CMS data in order to
set limits on the e⇥ective dark matter couplings to quarks and gluons. We also re-interpret these
limits as bounds on the scattering and annihilation cross sections measured at direct and indirect
detection experiments. We then go on, in section 4, to discuss how our limits are modified in
models in which dark matter interactions are mediated by a light . O(few TeV) particle, so that
the e⇥ective field theory formalism is not applicable. In section 5, we will perform an analysis
similar to that from section 3 in the mono-photon channel. A special example of dark matter
coupling through a light mediator is DM interacting through the Standard Model Higgs boson,
and we will argue in section 6 that in this case, invisible Higgs decay channels provide the best
sensitivity. We will summarize and conclude in section 7.

2. AN EFFECTIVE THEORY FOR DARK MATTER INTERACTIONS

If interactions between dark matter and Standard Model particles involve very heavy (&
few TeV) mediator particles—an assumption we are going to make in most of this paper—we
can describe them in the framework of e⇥ective field theory. (We will investigate how departing
from the e⇥ective field theory framework changes our results in sections 4 as well as 6.) Since our
goal is not to do a full survey of all possible e⇥ective operators, but rather to illustrate a wide
variety of phenomenologically distinct cases, we will assume the dark matter to be a Dirac fermion
⇥ and consider the following e⇥ective operators1

OV =
(⇥̄�µ⇥)(q̄�µq)

�2
, (vector, s-channel) (1)

OA =
(⇥̄�µ�5⇥)(q̄�µ�5q)

�2
, (axial vector, s-channel) (2)

Ot =
(⇥̄PRq)(q̄PL⇥)

�2
+ (L � R) , (scalar, t-channel) (3)

1 Other recent studies that have used a similar formalism to describe dark matter interactions include [1–5, 7, 11, 16–
20].
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function of the number of extra dimensions and the production of Unparticles. These
constraints are an improvement over previous results.
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can enhance the production cross section once the mass of the s-channel mediator is within the
kinematic range and can be produced on-shell. This enhancement is particularly strong when the
mediator has a small decay width �, though it should be noted that within our assumptions � is
bounded from below due to the open decay channels to jets and to dark matter.

On the other hand, colliders have a relative disadvantage compared to direct detection experi-
ments in the light mediator case. The reason is that, from dimensional analysis, the cross section
for the collider production process pp ⇧ ⌅̄⌅+X scales as,

⇤(pp ⇧ ⌅̄⌅+X) ⇤
g2qg

2
�

(q2 �M2)2 + �2/4
E2 , (12)

where E is of order the partonic center-of-mass energy, M is the mass of the s-channel mediator
and q is the four momentum flowing through this mediator. At the 7 TeV LHC,

�
q2 has a broad

distribution which is peaked at a few hundred GeV and falls slowly above. The mediator’s width
is denoted by �, and gq, g� are its couplings to quarks and dark matter, respectively. The direct
detection cross section, on the other hand, is approximately

⇤(⌅N ⇧ ⌅N) ⇤
g2qg

2
�

M4
µ2
�N , (13)

with the reduced mass µ�N of the dark matter and the target nucleus.
When M2 ⌅ q2, the limit that the collider sets on g2�g

2
q becomes independent of M , whereas

the limit on g2�g
2
q from direct detection experiments continues to become stronger for smaller M .

In other words, the collider limit on ⇤(⌅N ⇧ ⌅N) becomes weaker as M becomes smaller. On
the other hand, when m� < M/2 and the condition

�
q2 ⌃ M can be fulfilled, collider production

of ⌅̄⌅+X experiences resonant enhancement. Improved constraints on ⇥ can be expected in that
regime.

In figure 7, we investigate the dependence of the ATLAS bounds on the mediator mass M more
quantitatively including both on-shell and o⇤-shell production. Even though dark matter–quark
interactions can now no longer be described by e⇤ective field theory in a collider environment, we
still use ⇥ ⇥ M/

⌥
g�gq as a measure for the strength of the collider constraint, since ⇥ is the

quantity that determines the direct detection cross section. As before, we have used the cuts from
the ATLAS veryHighPt analysis (see section 3). We have assumed vector interactions with equal
couplings of the intermediate vector boson to all quark flavors.

At very large M (& 5 TeV), the limits on ⇥ in figure 7 asymptote to those obtained in the
e⇤ective theory framework. For 2m� ⌅ M . 5 TeV, resonant enhancement leads to a significant
improvement in the limit since the mediator can now be produced on-shell, so that the primary
parton–parton collision now leads to a two-body rather than three-body final state. As expected
from equation (12), the strongest enhancement occurs when the mediator is narrow. In figure 7,
this is illustrated by the upper end of the colored bands, which corresponds to � = M/8⇥.6 The
shape of the peaks in figure 7 is determined by the interplay of parton distribution functions, which
suppress the direct production of a heavy mediator, and the explicit proportionality of ⇥ to M
according to its definition. Below M ⌃ 2m�, the mediator can no longer decay to ⌅̄⌅, but only to
q̄q, so in this mass range, it can only contribute to the mono-jet sample if it is produced o⇤-shell.
In that regime, the limit on ⇥ is rather weak (even though the limit on g2�g

2
q is independent of M

there as discussed above), and the dependence on � disappears.

6 � = M/8� corresponds to a mediator that can annihilate into only one quark flavor and helicity and has couplings
g�gq = 1. Since in figure 7, we have assumed couplings to all quark helicities and flavors (collider production
is dominated by coupling to up-quarks though), and since g�gq > 1 in parts of the plot (see dashed contours),
� = M/8� should be regarded as a lower limit on the mediator width.

What fraction of collider events have momentum transfers 
sufficient to probe the UV completion? 

gqg�
q2 �M2

q2⌧M2

�����! 1

⇤2
⇤2 =

M2

gqg�

4

q

q̄

�

�̄

Figure 1: Dark matter production in association with a single jet in a hadron collider.

3.1. Comparing Various Mono-Jet Analyses

Dark matter pair production through a diagram like figure 1 is one of the leading channels
for dark matter searches at hadron colliders [3, 4]. The signal would manifest itself as an excess
of jets plus missing energy (j + /ET ) events over the Standard Model background, which consists
mainly of (Z � ⇤⇤)+ j and (W � �inv⇤)+ j final states. In the latter case the charged lepton � is
lost, as indicated by the superscript “inv”. Experimental studies of j + /ET final states have been
performed by CDF [22], CMS [23] and ATLAS [24, 25], mostly in the context of Extra Dimensions.

Our analysis will, for the most part, be based on the ATLAS search [25] which looked for mono-
jets in 1 fb�1 of data, although we will also compare to the earlier CMS analysis [23], which used
36 pb�1 of integrated luminosity. The ATLAS search contains three separate analyses based on
successively harder pT cuts, the major selection criteria from each analysis that we apply in our
analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |�(j1)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |�(j2)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |�(j1)| < 2, and events
are vetoed if there is a second jet with |�(j2)| < 4.5 and with either pT (j2) > 60 GeV or
�⌅(j2, /ET ) < 0.5. Any further jets with |�(j2)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |�(j1)| < 2, and
events are vetoed if there is a second jet with |�(j2)| < 4.5 and with either pT (j2) > 60 GeV
or �⌅(j2, /ET ) < 0.5. Any further jets with |�(j2)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |�(e)| < 2.47
and pT (e) > 20 GeV and for muons as |�(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events
are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity
|�(j1)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is �⌅(j1, j2) < 2.0 radians. Events with more than two jets with pT > 30 GeV are
vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and
observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.

q χ

q̄ χ
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FIG. 8: m�� distribution for signal events with u-quark vector couplings with R2 > 0.81 and

MR > 250 GeV. The red dashed line corresponds to the unitarity bound m�� = ⇤/0.4. The three

panels show the distribution for DM masses of (a) 1 GeV, (b) 100 GeV, and (c) 500 GeV. The

fractions of events which lie beyond the bound are 8%, 11% and 80% respectively.

it is useful to interpret the limit in Eq. 16 as a limit, not on the energy of the incoming

quarks, but on the center of mass energy of the DM system, m��. For the exclusive process,

qq̄ ! ��̄, these two scales are obviously the same, but in an inclusive process, qq̄ ! ��̄+X,

it is not. This amounts to replacing the
p
ŝ by the invariant mass of the DM system m��,

or

m�� <
⇤

0.4
. (17)

This substitution allows us to make contact with any DM production process being probed

at the collider.

We can now ask the following question. Assuming a contact interaction of quarks with
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quarks, but on the center of mass energy of the DM system, m��. For the exclusive process,

qq̄ ! ��̄, these two scales are obviously the same, but in an inclusive process, qq̄ ! ��̄+X,

it is not. This amounts to replacing the
p
ŝ by the invariant mass of the DM system m��,

or

m�� <
⇤

0.4
. (17)

This substitution allows us to make contact with any DM production process being probed

at the collider.

We can now ask the following question. Assuming a contact interaction of quarks with

Fraction of events where 
EFT breaks down may be 
non-negligible
Depends on DM mass 

[PJF et al, 1203.1662]

8%

80%

[Shoemaker and Vecchi, 
1112.5457]

Unitarity bound
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quarks, but on the center of mass energy of the DM system, m��. For the exclusive process,

qq̄ ! ��̄, these two scales are obviously the same, but in an inclusive process, qq̄ ! ��̄+X,

it is not. This amounts to replacing the
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ŝ by the invariant mass of the DM system m��,

or
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This substitution allows us to make contact with any DM production process being probed

at the collider.

We can now ask the following question. Assuming a contact interaction of quarks with
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Figure 3: The ratio R⇤ defined in Eq. (4.5) for
p
s = 8TeV, ⌘ = 0. Top row: R⇤ as a function of ⇤, for

various choices of mDM, for pT = 120GeV (left panel), pT = 500GeV (right panel). Bottom row: R⇤ as a

function of mDM, for various choices of pT, for ⇤ = 1.5TeV (left panel), ⇤ = 2.5TeV (right panel).

To sum over the possible pT, ⌘ of the jets, we integrate the cross sections over values typically

considered in the experimental searches and we can thus define the following ratio of total cross

sections

Rtot
⇤ ⌘

�e↵ |Qtr<⇤

�e↵
=

R 1TeV
pmin
T

dpT
R 2
�2 d⌘

d2�e↵
dpTd⌘

����
Qtr<⇤

R 1TeV
pmin
T

dpT
R 2
�2 d⌘

d2�e↵
dpTd⌘

. (4.6)

As an example, we consider two cases: pmin
T = 120GeV, 500GeV, used in the signal regions SR1,

SR4 of [6], respectively. The results are shown in Fig. 4. Notice that both ratios R⇤, Rtot
⇤ get closer

to unity for smaller DM masses, which confirms the qualitative analysis on hQtri in Section 3, and

also for larger ⇤, when the e↵ect of the cuto↵ becomes negligible. On the other hand, R⇤ goes to

zero at ⇤ = 2mDM, as the phase space of DM pair production Qtr � 2mDM gets closed. Notice also

that the ratios involving di↵erential and total cross sections (R⇤ and Rtot
⇤ ) are very similar, as a

consequence of the fact that the integrands are very peaked at low pT and at ⌘ = 0.

We stress that this calculation does not rely on any specific UV completion of the EFT, but it

is completely rooted in the e↵ective operator and the requirement of a consistent use of it within its

range of validity. Its only limitations are the lack of a precise identification of the cuto↵ scale and

that it applies to the case in which the momentum transfer occurs in the s-channel. The quantities

in Eqs. (4.5)-(4.6) cannot be computed straightforwardly by MonteCarlo simulations of the events,

7

respectively, where Qtr is given by Eq. (3.4). The corresponding cross sections initiated by the

colliding protons are

d2�e↵
dpTd⌘

=
X

q

Z
dx1dx2[fq(x1)fq̄(x2) + fq(x2)fq̄(x1)]

d2�̂e↵
dpTd⌘

, (4.3)

d2�UV

dpTd⌘
=

X

q

Z
dx1dx2[fq(x1)fq̄(x2) + fq(x2)fq̄(x1)]

d2�̂UV

dpTd⌘
. (4.4)

The explicit derivation of the Eqs. (4.1)-(4.2) can be found in Appendix A. Throughout this work

we will identify the emitted gluon with the final jet observed experimentally. For numerical results

at NLO see Ref. [31].

The cross sections for the mono-jet processes are measured with a precision roughly of the order

of 10%, although this number can fluctuate due to many factors (jet energy scale, PDFs, etc.).

However, as we are going to show, the e↵ect of taking into account a cuto↵ scale can be larger

than the precision of the cross section measurement, so the concern about the validity of the EFT

approach is justified.

4.1 The e↵ect of the EFT cuto↵

Let us suppose we know nothing about the UV completion of the EFT. Even so, we know that

adopting only the lowest-dimensional operator of the EFT expansion is accurate only if the transfer

energy is smaller than an energy scale of the order of ⇤, see Eqs. (2.1), (2.5). However, up to what

exact values of Qtr/⇤ is the EFT approach justified? Let us consider the ratio of the cross section

obtained in the EFT by imposing the constraint Qtr < ⇤ on the PDF integration domain, over the

cross section obtained in the EFT without such a constraint

R⇤ ⌘

d2�e↵
dpTd⌘

����
Qtr<⇤

d2�e↵
dpTd⌘

. (4.5)

This ratio quantifies the fraction of the di↵erential cross section for qq̄ ! ��+gluon, for given pT, ⌘ of

the radiated object, mediated by the e↵ective operator (2.3), where the momentum transfer is below

the scale ⇤ of the operator. Values of R⇤ close to unity indicate that the e↵ective cross section is

describing processes with su�ciently low momentum transfers, so the e↵ective approach is accurate.

On the other hand, a very small R⇤ signals that a significant error is made by extrapolating the

e↵ective description to a regime where it cannot be fully trusted, and where the neglected higher-

dimensional operators can give important contributions.

This ratio is plotted in Fig. 3 as a function of ⇤ and mDM, for various choices of pT and ⌘. Our

results indicate that if one would measure the cross section for the mono-jet emission process within

the EFT, but without taking into account that Qtr should be bounded from above, one makes an

error which may even be very large, depending on the values of the DM mass, the scale ⇤ of the

operator and the pT, ⌘ of the emitted object. Of course, the precise definition of the cuto↵ scale

of an EFT is somewhat arbitrary, with no knowledge of the underlying UV theory; therefore one

should consider the values of R⇤ with a grain of salt.

6

[Busoni, De Simone, Morgante, Riotto,
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What fraction of events have 
momentum transfers sufficient to 

probe the UV completion? 
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Figure 5: Top row: Contours for the ratio Rtot
⇤ , defined in Eq. (4.6), on the plane (mDM,⇤). We set

p
s = 8TeV, |⌘|  2 and pmin

T = 120GeV (left panel), pmin
T = 500GeV (right panel). Bottom row: 50%

contours for the ratio Rtot
⇤ , varying the cuto↵ Qtr < ⇤/2 (dotted line), ⇤ (solid line), 2⇤ (dashed line), 4⇡⇤

(dot-dashed line). We have also shown the contour corresponding to ⇤ < mDM/(4⇡) (see Eq. (2.6)), which is

often used as a benchmark for the validity of the EFT. We set
p
s = 8TeV, |⌘|  2 and pmin

T = 120GeV (left

panel), pmin
T = 500GeV (right panel).

row of Fig. 5, for the representative contour Rtot
⇤ = 50%. The extreme, and most conservative,

situation Qtr < 4⇡⇤, corresponding to couplings in the UV theory at the limit of the perturbative

regime, is also shown. Yet, the corresponding 50% contour is above the limit ⇤ > mDM/(4⇡) (see

Eq. (2.6)), which is often used as a benchmark for the validity of the EFT. This means that the

parameter space regions of validity of the e↵ective operator approach can be smaller than commonly

considered.

4.2 Comparing the e↵ective operator with a UV completion

Let us now turn to quantify the validity of the EFT by comparing cross sections for the production

of DM plus mono-jet or mono-photon in the simple example of a theory containing a DM particle

� and a heavy mediator S with the Lagrangian described in Eq. (2.2) with its e↵ective counterpart

given by the operator in Eq. (2.3). The matching condition implies ⇤ = M/
p
gqg�. Let us study
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Figure 3. Contours enclosing the excluded regions in the plane (mDM,M⇤), for some representative
values of g⇤, combining the four signal regions of ref. [38]. The grey triangle is theoretically forbidden
because of the self-consistency requirement M⇤ > mDM/(2⇡) explained in the text.

the LHC, as expected in the forthcoming runs, but also improving the sensitivity to the
small Mcut region as explained above. As a last comment, notice that not all the points
in fig. 3 are theoretically allowed within the EFT framework. We are working here under
the assumption of heavy-mediator DM, which means, as explained in the introduction, that
mDM should be well below Mcut, or at least mDM < Mcut/2, because otherwise there is no
hope for the DM being produced within the range of validity of the EFT. This leads to the
constraint M⇤ > Mcut/4⇡ > mDM/2⇡, reported in fig. 3 as a grey theoretically forbidden
region.

3 Simplified model reinterpretation

In the previous section we consistently derived from experimental data universal bounds
on the EFT defined by the operator (2.2), as functions of the three relevant mass parame-
ters (M⇤,mDM,Mcut). We now show how such bounds can be re-interpreted in any specific
microscopic model underlying the chosen effective interaction. Since it collects only the con-
tribution to the (positive-definite) signal cross-section coming from the kinematical region
Ecm < Mcut, where by definition the EFT is reliable, and it sets to zero the contribution
corresponding to Ecm > Mcut, our prescription for using consistently the EFT leads to
underestimating the signal cross-section. We then expect our bounds to be systematically
more conservative than those obtained by the direct comparison of a specific microscopic
model with the experimental data. The aim of the present section is to perform a quan-
titative comparison of the limits derived with the two methods and to comment on the
interpretation and practical consequences of any significant difference in the results.
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Table 10: ADD Model observed and expected limits on MD in TeV/c
2 as a function of d at LO

and NLO, with K-factors of 1.5 for d = 2,3 and 1.4 for d = 4,5,6.
LO NLO

d Exp. Limit Obs. Limit Exp. Limit Obs. Limit
2 5.12 5.10 5.70 5.67
3 3.96 3.94 4.31 4.29
4 3.46 3.44 3.72 3.71
5 3.11 3.10 3.32 3.31
6 2.95 2.94 3.13 3.12

The limits on L as a function of the DM mass for the vector interaction and the axial-vector
interaction are shown in Figure 6, together with a comparison with limits from the previous
CMS analysis using 5 fb�1 at 7 TeV. The observed and expected limits at the 90% CL on the
DM-nucleon scattering cross section for the vector, axial-vector and scalar operators are shown
in Tables 11, 12, 13 and Figures 7 and 8.

Also considered is the case in which the mediator is light enough to be accessible to the LHC.
Figure 9 shows the observed limits on L as a function of the mass of the mediator, assuming
vector interactions and a dark matter mass of 50 GeV/c

2 and 500 GeV/c
2. The width (G) of the

mediator is varied between M/3 and M/8p [13]. It shows the resonant enhancement in the
production cross section once the mass of the mediator is within the kinematic range and can
be produced on-shell. At large mediator mass, the limits on L approximate to those obtained
in the effective theory framework [13].
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Figure 6: Limits on the contact interaction scale L as a function of the DM mass for the current
analysis using 19.5 fb�1 of 8 TeV data. Also shown is the result from the previous analysis
using 5 fb�1 of 7 TeV data.

The results can also be interpreted in the context of Unparticle production. Shown in Figure 10
are the expected and observed 95% C.L limits on the cross-sections for S = 0 Unparticles with
dU = 1.5, 1.6, 1.7, 1.8 and 1.9 as a function of LU for a fixed coupling constant l = 1. The
observed 95% C.L limit LU for these values of dU is shown in Table 14. This can be compared

2

well as missing energy signals associated with invisible decays of the Higgs boson. Where available,
we will use existing LHC data to set limits on the dark matter–quark and dark matter–gluon
couplings in an e⇥ective field theory framework, and we will demonstrate the complementarity of
these limits to those obtained from direct and indirect dark matter searches. We will also compare
several mono-jet analyses that have been carried out by ATLAS and CMS, and we will outline a
strategy for discovering dark matter or improving bounds in the future.

Dark matter searches using mono-jet signatures have been discussed previously in the context
of both Tevatron and LHC searches [1–7], and have been shown to be very competitive with
direct searches, especially at low dark matter mass and for dark matter with spin-dependent
interactions. In a related work, SSC constraints on missing energy signatures due to quark and
lepton compositeness have been discussed in [8]. The mono-photon channel has so far mostly
been considered as a search channel at lepton colliders [9–11], but sensitivity studies exist also
for the LHC [12, 13], and they suggest that mono-photons can provide very good sensitivity to
dark matter production at hadron colliders. Combined analyses of Tevatron mono-jet searches and
LEP mono-photon searches have been presented in [14, 15]. The mono-photon channel su⇥ers from
di⇥erent systematic uncertainties than the mono-jet channel, and probes a di⇥erent set of DM–SM
couplings, it can thus provide an important confirmation in case a signal is observed in mono-jets.

The outline of this paper is as follows: After introducing the e⇥ective field theory formalism
of dark matter interactions in section 2, we will first discuss the mono-jet channel in section 3.
We will describe our analysis procedure and then apply it to ATLAS and CMS data in order to
set limits on the e⇥ective dark matter couplings to quarks and gluons. We also re-interpret these
limits as bounds on the scattering and annihilation cross sections measured at direct and indirect
detection experiments. We then go on, in section 4, to discuss how our limits are modified in
models in which dark matter interactions are mediated by a light . O(few TeV) particle, so that
the e⇥ective field theory formalism is not applicable. In section 5, we will perform an analysis
similar to that from section 3 in the mono-photon channel. A special example of dark matter
coupling through a light mediator is DM interacting through the Standard Model Higgs boson,
and we will argue in section 6 that in this case, invisible Higgs decay channels provide the best
sensitivity. We will summarize and conclude in section 7.

2. AN EFFECTIVE THEORY FOR DARK MATTER INTERACTIONS

If interactions between dark matter and Standard Model particles involve very heavy (&
few TeV) mediator particles—an assumption we are going to make in most of this paper—we
can describe them in the framework of e⇥ective field theory. (We will investigate how departing
from the e⇥ective field theory framework changes our results in sections 4 as well as 6.) Since our
goal is not to do a full survey of all possible e⇥ective operators, but rather to illustrate a wide
variety of phenomenologically distinct cases, we will assume the dark matter to be a Dirac fermion
⇥ and consider the following e⇥ective operators1

OV =
(⇥̄�µ⇥)(q̄�µq)

�2
, (vector, s-channel) (1)

OA =
(⇥̄�µ�5⇥)(q̄�µ�5q)

�2
, (axial vector, s-channel) (2)

Ot =
(⇥̄PRq)(q̄PL⇥)

�2
+ (L � R) , (scalar, t-channel) (3)

1 Other recent studies that have used a similar formalism to describe dark matter interactions include [1–5, 7, 11, 16–
20].

Racco, Wulzer, Zwirner [1502.04701]
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Figure 1: Dark matter production in association with a single jet in a hadron collider.

3.1. Comparing Various Mono-Jet Analyses

Dark matter pair production through a diagram like figure 1 is one of the leading channels
for dark matter searches at hadron colliders [3, 4]. The signal would manifest itself as an excess
of jets plus missing energy (j + /ET ) events over the Standard Model background, which consists
mainly of (Z � ⇤⇤)+ j and (W � �inv⇤)+ j final states. In the latter case the charged lepton � is
lost, as indicated by the superscript “inv”. Experimental studies of j + /ET final states have been
performed by CDF [22], CMS [23] and ATLAS [24, 25], mostly in the context of Extra Dimensions.

Our analysis will, for the most part, be based on the ATLAS search [25] which looked for mono-
jets in 1 fb�1 of data, although we will also compare to the earlier CMS analysis [23], which used
36 pb�1 of integrated luminosity. The ATLAS search contains three separate analyses based on
successively harder pT cuts, the major selection criteria from each analysis that we apply in our
analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |�(j1)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |�(j2)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |�(j1)| < 2, and events
are vetoed if there is a second jet with |�(j2)| < 4.5 and with either pT (j2) > 60 GeV or
�⌅(j2, /ET ) < 0.5. Any further jets with |�(j2)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |�(j1)| < 2, and
events are vetoed if there is a second jet with |�(j2)| < 4.5 and with either pT (j2) > 60 GeV
or �⌅(j2, /ET ) < 0.5. Any further jets with |�(j2)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |�(e)| < 2.47
and pT (e) > 20 GeV and for muons as |�(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events
are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity
|�(j1)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is �⌅(j1, j2) < 2.0 radians. Events with more than two jets with pT > 30 GeV are
vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and
observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.
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FIG. 1. Sample Feynman diagrams for monojet t-channel. In the EFT limit only the first row

dominates.

searches can be simply applied to DM DD in the limit that the mediator mass, mM , is well

above the typical production energies at the collider, mM � ŝ. The typical diagrams for

DM pair production in association with a single jet are shown in Fig. 1. By taking the

heavy mass mediator limit, only diagrams (a-c) contribute and are encoded in a dimension

six operator with a gluon attached to one of the external legs, while (d-e) contribute at

dimension eight. In this case, the collider DM production cross-section scales roughly as

�t ⇠
g4M
m4

M
⌘

1

⇤4
DD

. (3)

In this limit, ⇤DD maps uniquely to a constraint on the direct detection cross-section, �DD,

which scales precisely the same way, so that monojet constraints can be compared uniquely

to the results from direct detection experiments. However, as already explained in the intro-

duction, when the momentum transfer (i.e. the o↵-shellness of one of the quarks interacting

with the DM) in diagrams (a-c) becomes of the order of the squark mass, the cross-section

will be dependent on the full squark propagator structure. Since the momentum transfer is

controlled by the largest between the pT cut on the mono-jet and the MET cut, for the EFT

to be valid mM � max
�
p
j
T , /ET

�
. On the other hand current LHC searches happen to be

sensitive to values of ⇤DD not too far from the MET cut, so that the EFT limit requires

both gM and mM to be large.
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Collider only sensitive to all 4 parameters over a narrow range 

But mapping collider constraints to direct/indirect detection 
now requires assumptions 
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Figure 8: Comparing monojet and dijet constraints. The solid, dashed and dotted curves are for
ATLAS dijet resonance search, ATLAS monojet search with VeryHighPT cut and CDF dijet search,
respectively. The red, green, blue, pink and black are for gD/gZ0 = 1, 3, 5, 10, 20, respectively. The
mass of DM is assumed to be 5 GeV.

68], we calculate the ⇧2 which defined as

⇧2 =
�

i

(⌅̄new
i + ⌅̄QCD

i � ⌅̄exp
i )2

⇥2exp + ⇥2QCD

, (4.1)

where ⌅̄new
i , ⌅̄QCD

i and ⌅̄exp
i are the new contributions, QCD background and experimental

value in the i-th bin for certain Mjj group, respectively. ⇥exp and ⇥QCD are the uncertainties

of experimental values and QCD background. To get 95% C.L. constraint on gZ0 for certain

values of gD and MZ0 , we require that in each mjj group the possibility to get calculated ⇧2

should be smaller than 0.05. The constraints on gZ0 from CMS and D0 are shown in Fig. 9,

where the red and green curves are for D0 and CMS respectively; and the corresponding

constraints on direct detection cross sections are shown in Fig. 7.

Since Tevatron is a pp̄ collider, the main background is from qq̄ ⌅ jj and gg ⌅ jj. The

dominant contribution to the signal is from qq̄ ⌅ Z � ⌅ qq̄, where Z � can be either on or

o⇥ shell. gg ⌅ gg provides dominant background in the energy region of
⌃
ŝ < 300 GeV.

However, it drops steeply at
⌃
ŝ ⇧ 500 GeV, where qq̄ ⌅ jj becomes dominant with a much

smaller rate. At the same time, Z � with MZ0 ⇥ 500 GeV can still be produced on-shell.

Therefore, we see from red curve in Fig. 9 that the constraint gets stronger at around 500

to 800 GeV. For larger MZ0 , Z � on-shell production is strongly suppressed by the steeply

falling PDF. As a result, the constraint on the coupling gets weaker and eventually reaches

the limit of the contact interaction, which is illustrated by the plateau of the red dashed

curve in Fig. 7. The height of the plateau can be interpreted as � ⇤ 2 TeV for a quark

composite operator (2⇤/�2)(q̄�µq)2 which agrees with the result from the compositeness

search at D0 [66].

At the LHC, the major background comes from gg ⌅ jj and qq ⌅ jj. The signal contains

two contributions which are shown in Fig. 10, where (a) is an 1/NC suppressed interference
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value in the i-th bin for certain Mjj group, respectively. ⇥exp and ⇥QCD are the uncertainties

of experimental values and QCD background. To get 95% C.L. constraint on gZ0 for certain

values of gD and MZ0 , we require that in each mjj group the possibility to get calculated ⇧2

should be smaller than 0.05. The constraints on gZ0 from CMS and D0 are shown in Fig. 9,

where the red and green curves are for D0 and CMS respectively; and the corresponding

constraints on direct detection cross sections are shown in Fig. 7.

Since Tevatron is a pp̄ collider, the main background is from qq̄ ⌅ jj and gg ⌅ jj. The

dominant contribution to the signal is from qq̄ ⌅ Z � ⌅ qq̄, where Z � can be either on or

o⇥ shell. gg ⌅ gg provides dominant background in the energy region of
⌃
ŝ < 300 GeV.

However, it drops steeply at
⌃
ŝ ⇧ 500 GeV, where qq̄ ⌅ jj becomes dominant with a much

smaller rate. At the same time, Z � with MZ0 ⇥ 500 GeV can still be produced on-shell.

Therefore, we see from red curve in Fig. 9 that the constraint gets stronger at around 500

to 800 GeV. For larger MZ0 , Z � on-shell production is strongly suppressed by the steeply

falling PDF. As a result, the constraint on the coupling gets weaker and eventually reaches

the limit of the contact interaction, which is illustrated by the plateau of the red dashed

curve in Fig. 7. The height of the plateau can be interpreted as � ⇤ 2 TeV for a quark

composite operator (2⇤/�2)(q̄�µq)2 which agrees with the result from the compositeness

search at D0 [66].

At the LHC, the major background comes from gg ⌅ jj and qq ⌅ jj. The signal contains

two contributions which are shown in Fig. 10, where (a) is an 1/NC suppressed interference
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Figure 3: Left: Two examples of one-loop diagrams with an exchange of a �/a mediator that provide the dominant
contribution to a mono-jet signature. Right: A tree-level graph that leads to a /ET + tt̄ signal.

3.1.1. LHC Searches

Under the assumption of MFV, supplemented by gv = gu = gd = g`, the most relevant couplings
between DM and the SM arising from (11) and (12) are those that involve top quarks. Two main
strategies have been exploited to search for scalar and pseudoscalar interactions of this type using
LHC data. The first possibility consists in looking for a mono-jet plus missing energy signal /ET +j,
where the mediators that pair produce DM are radiated from top-quark loops [36], while the second
possibility relies on detecting the top-quark decay products that arise from the tree-level reaction
/ET+tt̄ [37]. In the first paper [36] that discussed the /ET+j signal the e↵ects of DM fermions coupled
to heavy-quark loops were characterized in terms of e↵ective higher-dimensional operators, i.e. with
mediators being integrated out. The e↵ects of dynamical scalar and pseudoscalar messengers in the
s-channel mediating interactions between the heavy quarks in the loop and DM were computed in
characterizing the LHC signatures for DM searches in [38, 33, 39, 40, 41].

Final states involving top-quark pairs were considered in the articles [42, 43, 44, 45, 39, 41].
Searches for a /ET + bb̄ signal [37, 42, 45] also provide an interesting avenue to probe (11) and
(12), while the constraints from mono-jet searches on the scalar and pseudoscalar interactions
involving the light quark flavors are very weak due to the strong Yukawa suppression (as discussed
in detail in [38, 46]), and thus are unlikely to be testable at the LHC. Scenarios where the DM-SM
interactions proceed primarily via gluons have also been considered [47].

Predicting mono-jet cross sections in the simplified models (11) and (12) is complicated by
the fact that the highly energetic initial-state and/or final-state particles involved in the process
are able to resolve the structure of the top-quark loops that generate the /ET + j signal (see the
left-hand side of Figure 3). Integrating out the top quark and describing the interactions by an
e↵ective operator of the form �Ga

µ⌫G
a,µ⌫ (aGa

µ⌫G̃
a,µ⌫) with Ga

µ⌫ the field strength tensor of QCD

and G̃a,µ⌫ = 1/2✏µ⌫�⇢Ga

�⇢
its dual, is in such a situation a poor approximation [36, 38]. Already in

the LHC Run I environment the mt ! 1 limit overestimates the exact cross sections by a factor of
5 (40) for m� ' 10 GeV (m� ' 1 TeV) [41]. Removing the top quark as an active degree of freedom
becomes even less justified at 13 (14) TeV, where the /ET and pT,j selection requirements have to
be harsher than at (7) 8TeV to di↵erentiate the DM signal from the SM background. In order to
infer reliable bounds on (11) and (12), one therefore has to calculate the mono-jet cross section
keeping the full top-quark mass dependence. Such calculations are now publicly available at leading
order (LO) in MCFM [38] and at LO plus parton shower (LOPS) in the POWHEG BOX [41]. Given that
the /ET + tt̄ (bb̄) signals arise in the context of (11) and (12) at tree level (see the right-hand side
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involving the light quark flavors are very weak due to the strong Yukawa suppression (as discussed
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Predicting mono-jet cross sections in the simplified models (11) and (12) is complicated by
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5 (40) for m� ' 10 GeV (m� ' 1 TeV) [41]. Removing the top quark as an active degree of freedom
becomes even less justified at 13 (14) TeV, where the /ET and pT,j selection requirements have to
be harsher than at (7) 8TeV to di↵erentiate the DM signal from the SM background. In order to
infer reliable bounds on (11) and (12), one therefore has to calculate the mono-jet cross section
keeping the full top-quark mass dependence. Such calculations are now publicly available at leading
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Figure 6: A /ET + j signal can arise in the t-channel mediator scenario from initial-state gluon emission (left) and
associated mediator production (middle). Initial-state gluon splitting processes and gluon emission from the t-channel
mediator is also possible but not shown. Pair production of the mediator ũ in gluon fusion leads instead to /ET + 2j
events (right). Quark-fusion pair production either via s-channel gluon or t-channel DM exchange also contributes
to the latter signal.

left and in the middle of Figure 6. In addition, if the colored mediator ũ is su�ciently light it
may be pair produced from both gg or uū initial states. This gives rise to a /ET + 2j signature
as illustrated by the graph on the right-hand side in the same figure. If the DM particle is a
Majorana fermion also the uu and ūū initial states contribute to the production of mediator pairs.
The latter corrections vanish if � is a Dirac fermion. From this brief discussion, it should be clear
that t-channel models can be e↵ectively probed through both mono-jet and squark searches.

6.1.1. Mono-Jet Searches

Given that in all recent mono-jet analyses a second hard jet is allowed, the corresponding
LHC searches are sensitive in t-channel models to the contributions not only from initial-state
gluon radiation and associated production, but also to mediator pair production. Since the relative
importance of the di↵erent channels depends on m�, M1, and g1 as well as the imposed experimental
cuts, all corrections should be included in an actual analysis. General statements about the leading
partonic channel are however possible. For what concerns /ET + j events the diagram in the middle
of Figure 6 usually gives the dominant contribution. Compared to uū ! ��̄ + g, this process
benefits from a phase-space enhancement, the larger gluon luminosity, and the fact that jets from
initial state radiation tend to be softer. If the mass M1 is small, diagrams with gluon emission from
the mediator can also be important, but these graphs are subdominant if the mediator is heavy,
since they are 1/M2

1 suppressed. Notice that the dominance of the associated production channel
is a distinct feature of t-channel models that is not present in the case of s-channel mediators, nor
is it relevant in supersymmetric theories where the mediator is a squark. The relative importances
of the di↵erent /ET + j and /ET + 2j channels depend sensitively on how g1 compares to the strong
coupling constant gs. In the limit g1 ⌧ gs, pure QCD pair production dominates, while in the
opposite case graphs with DM exchange are more important. Detailed studies of the bounds on the
coupling g1 as a function of M1 and m� that arise from Run I mono-jet data have been presented
in [105, 108].

6.1.2. Squark Searches

If the t-channel mediator is light it can be copiously produced in pairs at the LHC and then
decay into DM and a quark. The resulting phenomenology is very similar to squark pair production
in the MSSM with a decoupled gluino. There is however one important di↵erence which has
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ū

u

�̄

�̄
ũ�
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ū

u

�̄

�̄
ũ�
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s-channel vector/axial-scalar

U(1)0Spontaneously broken
(Higgs mode may be 

accessible, can alter physics)

Depending on whether DM is a Dirac fermion � or a complex scalar ', the interactions this new
spin-1 mediator take the form [18, 85, 21, 86, 87, 88]

Lfermion,V � Vµ �̄�µ(gV� � gA� �5)� +
X

f=q,`,⌫

Vµ f̄�µ(gV
f
� gA

f
�5)f , (40)

Lscalar,V � ig'Vµ('⇤@µ' � '@µ'⇤) +
X

f=q,`,⌫

Vµ f̄�µ(gV
f
� gA

f
�5)f , (41)

where q, ` and ⌫ denote all quarks, charged leptons and neutrinos, respectively. Under the MFV
assumption the couplings of V to the SM fermions will be flavor independent, but they can depend
on chirality (such that gA

f
6= 0). For Majorana DM, the vector coupling gV� vanishes, while a real

scalar cannot have any CP-conserving interactions with V .
In the literature, one often finds a distinction between vector mediators with vanishing axi-

alvector couplings (gA
f

= 0) and axialvector mediators with vanishing vector couplings (gV
f

= 0).
Neglecting the couplings to neutrinos, the relevant parameters in the former case are

�
m�, MV , gV� , gVu , gV

d
, gV

`

 
, (42)

while, in the latter case, the corresponding set is

�
m�, MV , gA� , gAu , gA

d
, gA

`

 
. (43)

Note, however, that it is rather di�cult to engineer purely axialvector couplings to all quarks, while
being consistent with the SM Yukawa interactions and MFV (as explained below). In the following,
we will consider the general case with non-zero vector and axialvector couplings. Although in this
case the spin-1 mediator is not a parity eigenstate, we will refer to it as a vector mediator for
simplicity.

5.1.1. The Higgs Sector

The most straightforward way to generate the mass of the vector mediator is by introducing an
additional dark Higgs field � with a non-zero VEV. Generically, this particle will not couple directly
to SM fermions, but it could in principle mix with the SM Higgs, leading to a phenomenology similar
to that of Higgs portal models described in Section 4. The mass of the dark Higgs cannot be very
much heavier than that of the vector mediator, and so � may need to be included in the description
if MV is small compared to the typical energies of the collider.

Moreover, if the theory is chiral, i.e. if gA� 6= 0, the dark Higgs will also be responsible for
generating the DM mass. In order for the Yukawa interaction ��̄� to be gauge invariant, we have
to require that the U(1)0 charge of the left-handed and the right-handed component of the DM field
di↵er by exactly qL � qR = q�. Consequently, the axialvector coupling of DM to the mediator will
necessarily be proportional to q�. The longitudinal component of V (i.e. the would-be Goldstone
mode) then couples to � with a coupling strength proportional to gA� m�/MV . Requiring this
interaction to remain perturbative gives the bound

m� .
p

4⇡

gA�
MV , (44)

implying that the DM mass cannot be raised arbitrarily compared to the mediator mass.
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Figure 5: Left: An example of a LO diagram that leads to mono-jet events through the s-channel exchange of a
spin-1 vector resonance V . Right: At the NLO level both virtual and real corrections have to taken into account in
order to obtain a infrared finite result.

of the quark coupling gVq , because the change in the production cross section is compensated by the
change in the invisible branching ratio. If, on the other hand, invisible decays dominate, both the
production cross section and the invisible branching ratio will be invariant under a (small) change
in the coupling gV� .

The same general considerations apply for axialvector couplings instead of vector couplings.
In particular, the production cross section of the vector mediator is largely invariant under the
exchange gVq $ gAq . Note, however, that for m� ! MV /2 the phase space suppression is stronger
for axialvector couplings than for vector couplings, such that for m� ' MV /2 the monojet cross
section is somewhat suppressed for a mediator with purely axialvector couplings.

In many situations invisible decays and decays into quarks will both lead to a non-negligible
contribution to �V as given in (48) and furthermore this width may become so large that one
cannot use the NWA to derive simple scaling laws. If m� becomes close to MV /2 there can also
be contributions from both on-shell and o↵-shell mediators. As a result, all relevant parameters
(m�, MV , gV� and gVq ) must in general be taken into account in order to calculate mono-jet cross
sections.

Di-Jets

Searches for di-jet resonances exploit the fact that any mediator produced from quarks in the
initial state can also decay back into quarks, which lead to observable features in the distribution
of the di-jet invariant mass and their angular correlations. However, for small mediator masses
the QCD background resulting from processes involving gluons in the initial state completely over-
whelms the signal. The most recent di-jet searches at the LHC therefore focus mostly on the region
with di-jet invariant mass mjj & 1 TeV. For smaller mediator masses, the strongest bounds are in
fact obtained from searches for di-jet resonances at UA2 and the Tevatron [98]. An interesting op-
portunity to make progress with the LHC even in the low-mass region is to consider the production
of di-jet resonances in association with other SM particles, such as W or Z bosons, which su↵er
from a significantly smaller QCD background [99, 100].

An important complication concerning searches for di-jet resonances results from the fact that
the width of the mediator can be fairly large. The steeply falling parton distribution functions then
imply that the resonance will likely be produced at lower masses, leading to a significant distortion
of the expected distribution of invariant masses mjj . Existing searches for narrow resonances
therefore typically do not apply to vector mediators with couplings of order unity. Nevertheless,
the shape of the resonance can still be distinguished from SM backgrounds and it is still possible
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monojet

• Vectors are SI
• Axial vectors SD
• If thermal often underproduced



Types of Simplified models

•Landscape of simplified models is broad and varied
•Spin/parity of DM and mediator 
•MFV 
•Kinetic mixing
•Higgs portal
•Vector DM
•Other dark sector states alter thermal history & BRs
•Electroweak-inos, singlet-doublet DM, etc
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Figure 9. Combined constraints (at 95% C.L.) from direct detection (orange, dotted), searches for
monojets (green, dashed) and dijets (blue, dot-dashed) compared to the parameter region excluded
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Andreas Korn DM@LHC2016, 30th March
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Summary



Complementarity

•Direct detection limited to DM above GeV, needs DM 
nearby moving in the right way

•No upper limit on mass probed, learn about DM in cosmos
• Indirect detection very sensitive to astrophysics
•Halo shapes can probe DM-DM interactions
•Collider searches have kinematic upper limit, no astrophysics 
systematics, but many others

Complementary taken together provide complete picture 
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•No upper limit on mass probed, learn about DM in cosmos
• Indirect detection very sensitive to astrophysics
•Halo shapes can probe DM-DM interactions
•Collider searches have kinematic upper limit, no astrophysics 
systematics, but many others

Many exciting new ideas for probing light DM e.g. scattering off electrons in 

semi/super conductors

Complementary taken together provide complete picture 
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“If you like laws and sausages, you should never watch 
either one being made”

Otto von Bismark



Why model builders 
build models...
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Why model builders 
build models...

Clever field theory idea, cute new symmetry, deep new 
underlying principle

New data needs explaining, signal not being searched for

or



“Top down”

•Identify “grand problem” e.g. weak hierarchy, 
cosmological constant, flavour
•Introduce “grand principle” e.g. extra dimensions, 
supersymmetry, new strong dynamics
•Define new theory obeying principle that has SM as long 
energy limit

Outcome: theoretically very appealing model, often highly 
correlated signals, complicated parameter space



A cautionary tale
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associated clusters [16].

3 Monte Carlo simulation

Monte Carlo samples for signal and background were generated at four different centre-of-
mass energies, namely 189, 196, 200 and 206 GeV, chosen to be close to the mean centre-of-
mass energy in each data subsample described in Section 2.

We study only h0Z0 production since, in the parameter space region of interest for our
analysis, its cross-section is about ten times larger than that for h0A0 production in the
MSSM. The h0 is forced to decay into two A0 bosons, h0 → A0A0, and each A0 can decay into
any of the following channels: cc̄, τ+τ− and gg. Resonances are not included in the simulation
of A0 decays. For example, in the MSSM no-mixing scenario, for 3.3 GeV/c2 < mA < 9.5
GeV/c2, the A0 branching fractions into cc̄ and τ+τ− are 0.5-0.9 and 0.4-0.05, depending on
the value of tanβ. Below the τ+τ− threshold, the A0 decays nearly exclusively into a gluon
pair. Two different Z0 decay modes are investigated: Z0 → νν̄ and Z0 → ℓ+ℓ− with ℓ =e or
µ. For each of the Z0 decay modes, the six final states obtained by all possible combinations
of the A0 decays to gg, cc̄ and τ+τ− have been analysed. In the no-mixing MSSM scenario
below the production threshold for bb̄, these final states account for between 75% and 100%
of the total decays of the A0 boson [17]. The corresponding Feynman diagram is given in
Figure 1.

e+

e−

Z0, γ

Z0

h0

A0

A0

c̄, g, τ−

c, g, τ+

c̄, g, τ−

c, g, τ+

ν̄, e+, µ+

ν, e−, µ−

Figure 1: The Feynman diagram for the processes considered in this analysis.

Monte Carlo samples were generated with mA=2, 4, 6, 9 and 11 GeV/c2 and for mh =
45, 60, 70, 80, 86 GeV/c2 at each of the four centre-of-mass energies considered. For each
[mA, mh] combination and each Z0 decay channel studied, we produced 3000 events for each
of the six possible final states using the HZHA2 [18] generator and the full OPAL detector
simulation [19].

The branching fraction BR(h0 → A0A0) is relatively constant for mA in the range of 1 to
11 GeV/c2 for a given value of mh. The e+e− → h0Z0 production cross-section does not
depend strongly on mh in the range 45 ≤ mh ≤ 86 GeV/c2 but increases with increasing
tan β values.

Monte Carlo simulations are also used to study the various Standard Model background
processes. The 2-fermion events, e+e− → qq̄, are simulated with the KK2f generator using

6

OPAL Higgs search

Eur.Phys.J.C27:483-495,2003.
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The branching fraction BR(h0 → A0A0) is relatively constant for mA in the range of 1 to
11 GeV/c2 for a given value of mh. The e+e− → h0Z0 production cross-section does not
depend strongly on mh in the range 45 ≤ mh ≤ 86 GeV/c2 but increases with increasing
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Monte Carlo simulations are also used to study the various Standard Model background
processes. The 2-fermion events, e+e− → qq̄, are simulated with the KK2f generator using

6

OPAL Higgs search

Eur.Phys.J.C27:483-495,2003.



A cautionary tale

2

3

4

5

6

7

8

9

10

11

0 10 20 30 40 50 60 70 80 90 100
mh [GeV/c2]

m
A

 [G
eV

/c
2 ]

2

3

4

5

6

7

8

9

10

11

excluded
by OPAL

th
eo

re
tic

al
ly

 in
ac

ce
ss

ib
le

th
eo

re
tic

al
ly

 in
ac

ce
ss

ib
le

LEP1 searches
excluded by

associated clusters [16].

3 Monte Carlo simulation

Monte Carlo samples for signal and background were generated at four different centre-of-
mass energies, namely 189, 196, 200 and 206 GeV, chosen to be close to the mean centre-of-
mass energy in each data subsample described in Section 2.

We study only h0Z0 production since, in the parameter space region of interest for our
analysis, its cross-section is about ten times larger than that for h0A0 production in the
MSSM. The h0 is forced to decay into two A0 bosons, h0 → A0A0, and each A0 can decay into
any of the following channels: cc̄, τ+τ− and gg. Resonances are not included in the simulation
of A0 decays. For example, in the MSSM no-mixing scenario, for 3.3 GeV/c2 < mA < 9.5
GeV/c2, the A0 branching fractions into cc̄ and τ+τ− are 0.5-0.9 and 0.4-0.05, depending on
the value of tanβ. Below the τ+τ− threshold, the A0 decays nearly exclusively into a gluon
pair. Two different Z0 decay modes are investigated: Z0 → νν̄ and Z0 → ℓ+ℓ− with ℓ =e or
µ. For each of the Z0 decay modes, the six final states obtained by all possible combinations
of the A0 decays to gg, cc̄ and τ+τ− have been analysed. In the no-mixing MSSM scenario
below the production threshold for bb̄, these final states account for between 75% and 100%
of the total decays of the A0 boson [17]. The corresponding Feynman diagram is given in
Figure 1.

e+

e−

Z0, γ

Z0

h0

A0

A0

c̄, g, τ−

c, g, τ+

c̄, g, τ−

c, g, τ+

ν̄, e+, µ+

ν, e−, µ−

Figure 1: The Feynman diagram for the processes considered in this analysis.

Monte Carlo samples were generated with mA=2, 4, 6, 9 and 11 GeV/c2 and for mh =
45, 60, 70, 80, 86 GeV/c2 at each of the four centre-of-mass energies considered. For each
[mA, mh] combination and each Z0 decay channel studied, we produced 3000 events for each
of the six possible final states using the HZHA2 [18] generator and the full OPAL detector
simulation [19].

The branching fraction BR(h0 → A0A0) is relatively constant for mA in the range of 1 to
11 GeV/c2 for a given value of mh. The e+e− → h0Z0 production cross-section does not
depend strongly on mh in the range 45 ≤ mh ≤ 86 GeV/c2 but increases with increasing
tan β values.

Monte Carlo simulations are also used to study the various Standard Model background
processes. The 2-fermion events, e+e− → qq̄, are simulated with the KK2f generator using

6

OPAL Higgs search

Eur.Phys.J.C27:483-495,2003.

Kyle Cranmer (NYU)

Center for 
Cosmology and 
Particle Physics

20 years of ALEPH data, Nov. 3, 2009
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Expected limits @ ma = 4,10 GeV
Seeing no sign of excess, we proceed to set limits

‣ Here, we make reference to background acceptance uncertainties in MSSM 
Higgs analysis.  (Statistical errors dominate, systematics make little difference in result)
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expected limit for ma = 4 GeV

�2 =
⇥ BR(h! aa) BR(a! ⇤⇤)2

⇥SM

expected limit for ma = 10 GeV

�2 =
⇥ BR(h! aa) BR(a! ⇤⇤)2

⇥SM

Cranmer, Yavin, Beacham, Spagnolo 

New ALEPH search



“Bottom up”

•Data disagrees with SM in some channel(s)
•Add new states and couplings to SM to explain 
deviations
•Must have some concept of minimality: degrees of 
freedom, parameters 

Outcome: build up the new physics piece by piece, 
correlations may not be apparent initially, simple 
parameter space

Easy for us to talk...exchange MadGraph/SHERPA 
model files that contain a few dials



“Bottom up”.... without anomaly

Bottom up without excess = “signal building”

•Build simple modules that contain interesting new 
signatures not necessarily contained in other models
•Motivate new analyses
•Again allows simple communication



“Bottom up”.... without anomaly

Bottom up without excess = “signal building”

•Build simple modules that contain interesting new 
signatures not necessarily contained in other models
•Motivate new analyses
•Again allows simple communication

“Top down” “Bottom up”
data



•“First do no harm”
•FCNC’s, PEWT, LEP, B-physics, proton decay, existing 
searches,.. (often reason for new parity...DM)

•Describe physics with a local, Lorentz invariant, unitary 
field theory, causal 
•Preserve gauge invariance, anomaly free
•Prefer renormalizable field theories
•Occam’s razor? cf. Hickam’s Dictum
•Perturbativity
•Running of gauge couplings, unification

Rules of model building
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